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foreword 


Reactor Core Materials is one of four Technical Progress Reviews, each cov- 
ering a different area of nuclear technology, prepared under the auspices of the 
Industrial Information Branch of the U. S. Atomic Energy Commission. Reactor 
Core Materials is written by staff members of Battelle Memorial Institute, who 
comb the literature as it becomes available and each quarter present the latest 
significant developments in the form of highlighted reviews. Extensive reference 
lists are included at the ends of the various sections for the benefit of readers 
who wish to obtain more detailed data. 
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FUEL AND FERTILE MATERIALS 





During early 1959 the U. S. Atomic Energy 
Commission (AEC) formed a task force to re- 
view the present status of fuel technology and 
formulate long-range plans.'-? Among the items 
for consideration were (1) properties of materi- 
als, (2) fuel-element design, (3) fabrication tech- 
niques, (4) materials and fabrication costs, 
(5) burn-up, and (6) chemical processing. The 
information was organized into three major 
areas: 


1. Fuel problems of the major reactor types 
2. Materials problems 
3. Supporting technology 


As a result of the group’s deliberation and 
evaluation, the following major conclusions were 
reached: 


1, The major limitation in the use of me- 
tallic fuels for civilian power reactors is their 
irradiation-induced swelling at elevated tem- 
peratures. 

2. Uranium dioxide is an important fuel for 
civilian power reactors. 

3. Improved data on the properties of UO, 
would provide better utilization of this fuel ma- 
terial. 

4. Considerable effort has been expended on 
the current major manufacturing technique of 
cold pressing and sintering. 

5. Uranium monocarbide has promise as a 
high-temperature fuel; it has good physical 
properties, and initial irradiation results are 
encouraging. 

6. Fueled graphite is of considerable interest 
in gas-cooled reactors. 

7. Determination of burn-up is one of the 
most important factors in the irradiation testing 
of fuel materials. 

8. An essential requirement in the irradia- 
tion testing of fuel is uniform and controlled 
burn-up and temperature. 


9. Fast-breeder reactors and plutonium- 
recycle reactors are necessary to utilize ura- 
nium reserves effectively. 

10. Recycling of fuels holds economic promise 
and may become a necessity. 


Unalloyed Uranium 


Mallinckrodt Chemical Works’ has determined 
diffusion coefficients for hydrogen inuranium at 
beta- and gamma-phasetemperatures. For din- 
got metal in the beta region, diffusion coeffi- 
cients ranged from 4.8 x 1075 cm*/sec at 670°C 
to 6.0 x 1075 cm’/sec at 750°C. For the gamma 
region, values ranged from 6.4 x 1075 cm’/sec 
at 800°C to 1.5 10~* cm*/sec at 970°C. The 
activation energy of diffusion was calculated to 
be 3.6 and 11.4 kcal/gram-atom in the beta and 
gamma regions, respectively. 

The self-diffusion coefficient of uranium was 
measured at Argonne‘ at four temperatures in 
the gamma phase. The data fitted the Arrhenius 
type equation D = 2.33 x 107° exp (—28,500/RT) 
cm’*/sec and agree well with previously reported 
results. The value of D, is lower than that pre- 
dicted by Zener’s theory, and the activation en- 
ergy is much less than the value expected from 
various empirical correlations. 

British investigators’ have determined the 
rates of oxidation of uranium by CO, over the 
range 500 to 1000°C. The rate increases with 
temperature from 500 to 780°C, with a sudden 
marked increase when the metal is near or at 
the §-y transition (772°C). At higher tempera- 
tures up to 1000°C, the rate decreases with in- 
creasing temperature. The reaction generally 
obeys a linear rate law for the 500 to 800°C 
range. In the 500 to 725°C range, the activation 
energy is 26 + 10 kcal/mole, whichis consistent 
with the hypothesis that oxygen-ion diffusion is 
the rate-controlling mechanism. 





A new method for the preparation of perfect 
crystals of uranium is reported by the French.° 
It is based on the stretching of imperfect crys- 
tals produced by the 8 — a phase change, fol- 
lowed by an anneal in the high alpha range. De- 
pending on the orientation of the original im- 
perfect crystal, deformation takes place by slip, 
twinning, or deformation bands, Annealing gives 
perfect recrystallization crystals whose orien- 
tation is directly related to that of the original 
crystals. There are some crystallographic char- 
acteristics of the deforniation mechanism during 
the course of the recrystallization. For exam- 
ple, the (001) direction, which is the rotation 
axis allowing the formation of the deformation 
bands, is preserved during recrystallization. In 
the case of deformation by twinning, the recrys- 
tallized grains show less clearly marked orien- 
tation relations, but the growth of larger crys- 
tals is facilitated, 

Quench cracking of irradiated uranium was 
studied by Hanford investigators.’ Uranium 
disks ', in, thick, irradiated to 0.13 at.% 
-burn-up, were heated to 600°C and quenched at 
a rate estimated to be similar to the cooling 
rate that can occur in the center of reactor fuel 
elements. After 10 heating and quenching cycles, 
internal cracking was observed. The proposed 
mechanism of crack formation is as follows: 
During reactor exposure the macroscopic and 
microscopic stresses are relieved by stress 
relaxation, Upon reactor shutdown the aniso- 
tropic contraction of the uranium crystals 
causes large microscopic strain incompatibili- 
ties, or thermal shock, which can induce cracks 
in the uranium embrittled by irradiation. The 
stresses due to thermal gradients are generally 
small compared with the strains produced by 
anisotropic crystallographic expansion, Cracks 
observed in irradiated specimens were random 
with respect to the macroscopic stress fields, 
lending support to the above theory. 

The thermal conductivity of uranium irradi- 
ated to 0.018 and 0.031 at.% burn-up was found® 
to be 18 to 30 per cent lower than that of unir- 
radiated uranium, depending on test tempera- 
ture. The thermal conductivity vs. temperature 
curve for the specimen irradiated to 0.031 at.% 
burn-up was reversible, indicating no recovery 
at elevated temperatures. A consistent relation 
‘between thermal conductivity and electrical con- 
ductivity was not apparent in the data, 

The unalloyed uranium fuel elements used in 
the SRE (Sodium Reactor Experiment) contain 
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2.78 per cent U*** and are clad with type 304 
stainless-steel jackets. NaK is used as a bond 
between the fuel and the cladding. Examination 
of elements removed from the reactor’ revealed 
no increase in cladding diameter after an expo- 
sure- of 850 Mwd/ton calculated maximum 
burn-up. Some stretching of the cladding was 
evident at 950 Mwd/ton. Destructive examina- 
tions at maximum burn-ups of 65, 105, 390, and 
850 Mwd/ton showed progressive irradiation- 
induced dimensional changes, Maximum changes 
in diameter of 1.7 per cent, in length of 2.9 per 
cent, and in density of —2.6 per cent were ob- 
served for the highest burn-up. All surface and 
dimensional characteristics appeared to be di- 
rectly related to burn-up. Some relation was 
found between surface roughening and fuel- 
element surface temperature. Fuel-element 
cladding examinations indicated no apparent 
change in ductility after exposure to surface 
temperatures of about 850°F and to the thermal 
cycling resulting from repeated start-up and 
shutdown of the reactor. 

The British'® have carried out metallographic 
studies of enriched-uranium specimens irradi- 
ated at 200 to 800°C to burn-ups ranging from 
0.13 to 0.41 at.%. The examination confirmed 
that swelling of uranium during irradiation at 
elevated temperatures is due to the formation of 
cavities in metal, although generally it has not 
been possible to account for the entire density 
change in terms of observed porosity, At least 
part of the discrepancy can be explained by cor- 
rosion effects that occurred during irradiation 
or storage and part by inaccuracies in the 
porosity assessment. 

In specimens showing the greatest swelling, 
the holes varied in size from 3 mm to less than 
1 wp in diameter, the larger ones often being 
formed by the coalescence of the smaller. The 
volume increase due to bubbles about 5 u in di- 
ameter was less than that for larger or smaller 
bubbles. There was no evidence that holes 
formed at inclusions. In none of the specimens 
was it possible to relate the porosity to any 
microstructural feature. 

The amount of cracking varied considerably 
and was not necessarily associated with the 
existing grain boundaries nor with the inclusions 
originally present in the metal. It was often 
associated with the hydrogen-bearing phases 
seemingly formed during or after irradiation and 
with carbide inclusions which had been redis- 
tributed during the exposure. 
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Peculiar loop-form inclusions or inclusion- 
filled cracks were observed in those specimens 
showing large volume increases and containing 
quantities of a phase thought to contain hydrogen, 
There were none of the dendritic inclusions 
usually found in arc-melted uranium and which 
were present in the specimens prior toirradia- 
tion. 


The British'' have published a list of abstracts 
covering unclassified atomic-energy project re- 
ports and published literature on uranium. In 
addition, information on uranium, including 
fatigue properties and the effects of irradiation, 
creep, and thermal expansion, has been added 
to the Uranium Data Manual.” (M.S. Farkas) 


Alpha-phase Uranium Alloys 


Nuclear Metals’* has issued a report dealing 
with the effects of thermal cycling on integrally 
coextruded, tubular fuel elements of uranium —2 
wt.% zirconium clad with Zircaloy-2. These 
elements were cycled 200 times between 500 
and 100°C with no significant changes in the 
dimensions, straightness, or ultrasonic bond 
strength, The cycling was conducted so that, 10 
to 15 sec after the tube entered the low- 
temperature bath, estimated temperature dif- 
ferences of 150 to 280°C were obtained between 
the midwall and the surface of the tube. 

The effects of irradiation on uranium—1.2 
wt.% molybdenum powder compacts are reported 
by Atomics International.’ The results are pre- 
sented in Table I-1. The data, showing greater 
than 20 per cent change in volume with about 
0.3 at.% burn-up, are similar to results of ir- 
radiation tests performed elsewhere. The 
data for the uranium—1.2 wt.% molybdenum 
specimens, which swelled only about 7 per cent 
in volume at about 0.2 per cent burn-up, are 
similar to recent results obtained at Argonne."® 
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The Germans" have investigated the diffusion 
behavior in the uranium-zirconium and the 
uranium-nickel systems, In the former system, 
the investigation was carried out above the 
transformation temperature in the solid-solution 
range of the gamma phase. In the latter system, 
the investigation was carried out at tempera- 
tures below the eutectic temperature of 740°C, 
at which seven intermetallic compounds occur in 
very small homogeneous zones. 

A bibliography on uranium alloys, withbinary 
phase diagrams and selected data on properties, 
has been published recently” and is of general 
interest. Also, the effects of alpha-beta thermal 
cycling on uranium and uranium alloys are re- 
ported in a recent journal article.'* 

(M. S. Farkas) 


Epsilon-phase Uranium Alloys 


Uranium -Zirconium 


An annotated summary of the properties and 
behavior of zirconium-uraniu™ alloys has been 
published by Battelle.”® Constitution, transfor- 
mation kinetics, microstructure, the effect of 
heat-treatment on microstructure and proper- 
ties, mechanical and physical properties, cor- 
rosion resistance, and irradiation behavior are 
discussed. (A, A. Bauer) 


Gamma-phase Uranium Alloys 


Uranium-Molybdenum 


Procedures for the fabrication of Zircaloy-2- 
clad uranium—12 wt.% molybdenum alloy fuel 
rods by coextrusion are presented in a paper 
by Goodwin et al.”* 

A patent”? has been assigned to Westing- 
house for gamma-phase uranium-molybdenum- 
niobium alloys as corrosion-resistant fuels. 


Table I-1 DIMENSIONAL CHANGES OF IRRADIATED SPECIMENS" 














Maximum 
' Measured central Calculated surface 
Specimen tomp., °F temp., °F increase in Increase in 
composition, : Burn-up, * diameter, volume, Tf 

wt.% Range AV. Range Av. total at.% k b 
U-—1.2 Mo 830-700 756 655-555 598 0.25 9.9 22 
U-1.2 Mo 1050-920 972 825-740 763 0.33 13 31 
U—1.2 Mo 1245-905 1017 980-715 799 0.22 7.7 6.9 
U-1.2 Mo 1130-990 1052 890-775 827 0.22 9.6 7.3 





*Based on chemical analyses of some specimens and heat balance on all specimens. 


tBased on density measurements of central sections. 





Maximum corrosion resistance to 650°C water 
was secured by auranium —9 wt.% molybdenum — 
1.4 wt.% niobium alloy. (A, A, Bauer) 


Dilute Uranium Alloys 


Aluminum-Uranium Alloys 


Further corroboration of the ability of silicon 
to suppress the UAI,-UAI, transformation has 
been reported by Gualandi and Schileo,”* Results 
of this work show that, when silicon in amounts 
up to 3.5 wt.% is added to aluminum—-17 wt.% 
uranium alloys, the UAl, is replaced by UAI, 
containing part of the silicon in solid solution. 
Since both zirconium and tin are also excellent 
suppressors of the UAI,-UAl, transformation, 
Battelle” has continued to study the effects of 
these additions on the properties of the binary 
alloys. Alloys containing additions of up to 3 
wt.% of either of these two metals have in- 
creased ductility and require less extrusion 
pressure than the binaries alone. 


Tin-bearing ternary alloys of an aluminum — 
35 wt.% uranium-base material can be air 
melted with no difficulty into sound pore- 
free ingots.2> On the other hand, zirconium- 
containing alloys have to be air melted twice or 
vacuum melted to avoid excessive porosity. Al- 
loys containing less than 3.0 wt.% tin revealed 
well-defined reaction areas in the periphery of 
the primary compound particles. The extent of 
this zone is inversely proportional to the tin 
content of the alloy. The 3.0 wt.% tin alloy 
showed little or no reaction zone; A study of 
microstructures indicates that between 2 and 3 
wt.% zirconium might be the optimum zirconium 
addition. 


After heat-treatments at 600°C for 8, 24, and 
48 hr, the microstructures of the specimens 
were studied.”® In all cases the eutectic portion 
spheroidized in 24 hr. The UAI,-UAl, reaction 
progressed at a higher rate in the alloys con- 
taining tin than in the alloys containing zirco- 
nium. In either case the smaller the addition, 
the faster the reaction. Hot hardness was taken 
on the binary alloy (aluminum —35 wt.% uranium) 
and on ternary alloys containing either tin or 
zirconium in amounts between 0.5 and 3.0 wt.%. 
In all cases the hardness was maintained to 
300°C, not differing greatly from the room- 
temperature hardness of 58 to 68 DPH. Above 
300°C, softening began to occur rapidly. 
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All the alloys discussed in the preceding para- 
graph were exposed for 30 days in 200°C 
water.’’ All alloys exhibited weight gains less 
than those for 2S aluminum. Weight gains of 
samples from extrusions or vacuum-melted 
castings were comparable. There seemed to be 
little or no difference in corrosion behavior be- 
tween the tin-containing and the zirconium- 
containing alloys. Tensile tests were performed 
at 100, 250, and 400°C on extruded stock, At 
100°C the strengths of the various ternaries 
were not much different from the strength of the 
binary. The air-melted zirconium-containing 
alloys exhibited the lowest tensile strengths 
(17,000 to 17,140 psi), as compared with the 
strengths of the other alloys (18,000 to 18,900 
psi). At 250 and 400°C, any strength differences 
between the alloys becomes less distinguishable. 


Argonne” has studied aluminum-uranium al- 
loys containing 2 wt.% nickel and 0.5 wt.% iron. 
The uranium content varied between 15 and 53 
wt.%. All material that could be fabricated was 
exposed to 290°C water inthe wrought condition. 
The material that could not be worked (53 wt.% 
uranium alloys) was tested in the cast condition. 
After a 60-day exposure to 290°C water, the 
rate of attack of an aluminum — 15 wt.% uranium — 
2.2 wt.% nickel—0.43 wt.% iron alloy was about 
double that of X-8001 cladding alloy. On the 
other hand, an aluminum—52.7 wt.% uranium — 
2.1 wt.% nickel—0.6 wt.% iron alloy exhibited a 
low rate, 6 mg/(dm’)(day), which represents a 
penetration rate slightly lower than that of 
X-8001 cladding alloy. It can be concluded that 
the addition of uranium does not reduce the cor- 
rosion rate until the UAl, composition is ex- 
ceeded, in which case the resulting free uranium 
corrodes very rapidly. 


Plutonium and Its Alloys. 


The British’® have prepared a compilation of 
plutonium data which includes physical proper- 
ties, mechanical properties, chemical proper- 
ties, and phase diagrams. In an investigation to 
determine the effects of small additions of plu- 
tonium to thorium, uranium, and uranium- 
molybdenum alloys, Critchley and Sinclair*® 
found that plutonium increases the hardness and 
density of thorium. Little effect was noted inthe 
other alloys. Data from the study are shown in 
Table I-2. The effects of plutonium on thorium 
can be attributed to solid-solution hardening. 
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Table 1-2. EFFECTS OF PLUTONIUM ADDITIONS 
ON THE PROPERTIES OF THORIUM, URANIUM, 
AND URANIUM-MOLYBDENUM ALLOYS” 





Coefficient of 





Composition, Hardness, Density, expansion, 
at.% VPN g/cm? 107~*/°C 

Thorium 80 11.50 11.0 
Th-—5 Pu 96 11.77 

Th-10 Pu 107 11.81 11.6 
Uranium 250 19.04 16.1 
U-3 Pu 256 18.97 

U-4.5 Pu 284 18.98 

U-6 Pu 264 18.98 15.8 
U-—20 Mo 316 18.0 13.6 
U-—20 Mo—4 Pu 304 17.35 15.5 
U-—28 Mo 350 17.1 


U-—28 Mo—4 Pu 349 


16.80 


In an investigation*! of liquid plutonium alloys, 
a ternary eutectic was found to exist at cerium — 
12.0 wt.% cobalt—7.0 wt.% plutonium at a tem- 
perature of 402°C. The plutonium content of the 
alloy can be increased to 30 wt.% without raising 
the melting point above 450°C. Quaternary addi- 
tions of iron to the alloy resulted in no meas- 
urable change in the melting point. 


Los Alamos” has determined the density, p, 
of liquid plutonium to be equal to [17.567 — 
(1.451 x 1079)T] + 0.021 g/cm*. For a liquid 
plutonium—7.93 at.% iron alloy, p = [16.888 — 
(1.369 x 10-*)7] + 0.012 g/cm’, where 7 is in 
degrees Centigrade. (V. W. Storhok) 


Thorium and Its Alloys 


A portion of the thorium-indium constitution 
diagram has been delineated by Murray.*® A 
eutectic exists at about 1160°C and 18 at.% 
indium between Th,In and alpha thorium solid 
solution containing 9 at.%indium. The solubility 
of indium in alpha thorium decreases to 5 at.% 
at 1000°C and to 1.7 at.% at 800°C. The com- 
pound Th,In was found to melt at 1170°C and to 
have a tetragonal structure of the CuAl, type. 
The existence of the phase ThIn, was confirmed. 


Frye et al.** have obtained the pole figures 
showing the preferred orientations resulting 
from cold-reducing thorium 95 per cent in thick- 
ness at room temperature. The thorium exam- 
ined contained 0.14 wt.% oxygen, 90 ppm carbon, 
60 ppm nitrogen, 100 ppm iron, and 50 ppm 
silicon as major impurities. (W, Chubb) 
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Dispersion Fuel Elements 


A process is being developed at Stevens In- 
stitute of Technology*' for fabricating clad dis- 
persion fuel elements by aslip-casting process. 
Elements, 2 in. wide by 4 in. long with a 0.020- 
in.-thick fuel core of 75 wt.% stainless steel and 
25 wt.% UO,, were clad with 0.005 in. of stainless 
steel. It is reported that microstructural ex- 
amination indicated no fragmentation of the UO,, 
fully dense cladding, uniform and fine grains in 
both the matrix and cladding, and no discon- 
tinuity at the cladding-core interface after 
drastic cold working. Tensile properties of the 
annealed plate were reported as follows: 55,800 
psi ultimate strength, 27,600 psi (0.2 per cent 
offset) yield stress, and 19.4 per cent elongation 
at room temperature. Specimens from these 
plates were successfully cold formed to a 0.125 
T bend, 


It is reported by Thurber and Beaver” that 
uranium carbides are potential fissile dispers- 
oids for aluminum-base fuel elements in which 
the isotopic enrichment in U*** is limited to 20 
per cent. Uranium dicarbide appears to be 
wholly compatible with aluminum at 600°C, Ura- 
nium monocarbide, on the other hand, is chemi- 
cally active under the same conditions and is 
converted to the uranium-aluminum intermetal- 
lic compounds, UAl, and UAI,. Plate type fuel 
elements containing dispersions of UC, in alu- 
minum can be manufactured using established 
procedures, with the exception that the cores 
must be vacuum degassed prior to rolling into 
fuel plates. Corrosion testing in 60°C water in- 
dicates that UC,-aluminum dispersions will 
corrode catastrophically if the fuel-bearing 
section is inadvertently exposed to reactor 
process water. (D. L. Keller) 


Refractory Fuel and Fertile 
Materials 


Fabrication of Ceramic Fuels 
Other Than Uranium Oxides 


Uranium monocarbide continued to receive 
major attention in studies of the fabrication 
of nonoxide ceramic fuels. The most popular 
method of preparing the monocarbide is by arc 
melting mixtures of uranium metal and carbon 
(references 22, 26, and 39 to 42). The use of 
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Table 1-3 EFFECT OF CARBON CONTENT AND HEAT-TREATMENT ON THE CORROSION RATE OF 
URANIUM-CARBON ALLOYS IN VARIOUS MEDIA*® 





Corrosion rate in medium shown, mg/(cm?)(hr) 





Carbon content 





As-cast material 





Annealed material 








(balance U), Water at Santowax R Water at Santowax R Ethylene glycol 
Specimen wt .% 60°C at 350°C 60°C at 350°C at 150°C 

38 4.6 414 118 ° 0.32 

39 5.0 t 6.5 

40 5.7 819 1100 4.5 0.37 

41 6.6 28.3 0.20 384 0.31 0.03 

42 7.0 139 4.3 70.8 1.6 0.51 

43 7.8 80.8 230 0.31 0.48 

44 8.5 1623 0.85 918 0.40 2.1 

45 9.2 488 0.70 441 2.6 0.55 





*Specimen completely disintegrated in 1 week. 
t Specimen completely disintegrated in 1 hr. 


a consumable uranium electrode in preparing 
uranium carbides is being investigated at the 
Nuclear Fuel Research Laboratories.** Other 
methods of preparing the monocarbide which 
are under study include reduction of UO, by car- 
bon, #°-4! reaction of uranium or uranium hydride 
with methane (references 22, 26, and 40 to 42), 
and reaction of uranium with carbon by sinter- 
ing,*® hot pressing,“‘ or induction melting.*! 
Reduction of UO, by carbon appears to require 
exceedingly high reaction temperatures and a 
pumping system of large capacity.*® Under these 
conditions, a mixture of mono- and dicarbide 
results.“ Induction melting does not appear to 
be as satisfactory as arc melting in achieving 
complete reaction between uranium metal and 
carbon.‘! In studies of the reaction between ura- 
nium metal and alkanes such as methane, it was 
found that propane reacted more rapidly than 
methane, * (M. J. Snyder) 


Properties of Refractory Fuels 
Other Than Uranium Oxides 


The properties of the uranium carbides are 
being evaluated in various laboratories to de- 
termine their physical and chemical behavior 
when in contact with various metals, liquids, and 
gases. The literature on the uranium-carbon 
system is reviewed*® giving the phase diagram 
and the structural properties of the three com- 
pounds UC, U,C;, and UC,. The compatibility of 
UC and UC, with aluminum at 620°C was investi- 
gated. This study showed that UC andaluminum 
react catastrophically at thistemperature, 





whereas the dicarbide (UC,) with aluminum ap- 
pears to be relatively stable. The presence of 
hydrogen in the UC,-aluminum system destroys 
the stability of the dicarbide. The corrosion 
resistance of uranium carbides, containing from 
4.6 to 9.2 wt.% carbon, in water, in Santowax R, 
and in ethylene glycol as determined at Battelle”® 
is given in Table I-3, The irradiation behavior 
of UC, containing 4.6 and 5 wt.% carbon, in so- 
dium for uranium burn-ups of 0.7 and 1.8 at.% 


has been evaluated. *® Although some radial and 
transverse cracks were observed, there were 
only small changes in density or diameter. The 
fission gas released to the capsules could be 
attributed to recoil from the surface during ir- 
radiation. Electron micrographs of UC have 
been made at Battelle after irradiation at 600 
and 1300°C. At the higher temperature the 


structures appeared to be normal for UC con- 
taining straight UC, needles. However, at the 
lower temperature the UC, needles in the UC 
matrix appeared to be warped. Annealing of the 
radiation damage at the higher temperature was 
suggested by these studies. 


Nowotny et al.“* have investigated the struc- 
ture of three complex carbides that containura- 
nium. The unit-cell dimensions of these or- 
thorhombic carbides are 


UCrC, 
UMoC, 
UWC, 


Gy = 5.42), by = 3.225, and cy = 10.61; 
ag= 5.61), bo = 3.20s, and Ce = 10.9; 
Gy = 5.62, by = 3.24, and cy = 10.9, 
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Ivanov and Tumbakov“' reported onthe prepa- 
ration of UBe,, and on the result of calorimetric 
measurements of the heat evolved inthe solution 
of UBe,, and of a mixture of uranium and beryl- 
lium, The difference, 106.5 + 8.6 cal/g, is given 
as the heat of formation for UBe;. 

Basic studies at Hanford“ on plutonium oxides 
include investigations on the preparation of the 
suboxide Pu,O, and the thermal expansion of 
PuO,. To date, attempts to prepare Pu,O, have 
been unsuccessful. The thermal-expansion co- 
efficient of a 90 per cent dense sintered PuO, 
body was found to be 15.2 x 107-°/°C over the 
temperature range 125 to 911°C. 

The caking of ThO, slurries in an elevated- 
temperature loop experiment was studied by 
Draper and Milligan.‘® Pore-size distribution 
studied by nitrogen and water-vapor absorption 


. measurements indicate a sharp peak inthe num- 


ber of pores about 10 A in size and a large 
number of pores between 10 and 200 A in size. 
No polymorphs or impurities could be detected 
by X-ray- or electron-diffraction examinations. 
Electron micrographs revealed that ThO, parti- 
cles are aggregates of minute crystals. The 
edges of the crystals become rounded on heating 
to 1600°C, suggesting initial stages of sintering. 

(D. A. Vaughan) 


Fabrication of UO2-containing Ceramics 


Olin Mathieson“ has been developing a proc- 
ess for the fabrication of UO, fuel pellets by 
cold pressing and sintering in nitrogen. Roasting 
commercial UO, powders in air in the tempera- 
ture range 100 to 140°C prior to pressing was 
found to increase the sintered density of the 
ceramic. Densities as high as 99 per cent of 
theoretical were reported for specimens made 
from the roasted powder after compacting at 
80,000 psi and sintering for 5 hr at 1300°C in 
nitrogen. The sintered UO, was found to be 
nearly stoichiometric. (H. D. Sheets) 


Basic Studies of Irradiation 
Effects in Fuel Materials 


Metallic Fuels 


The principal kinds of lattice damage produced 
in metallic fuels by fission products are dis- 
cussed both qualitatively and quantitatively in 
a report from Atomics International.*® These 
kinds of damage include interstitial atoms, va- 
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cant lattice sites, displacement spikes, 
and fission-product impurity atoms. Atomistic 
mechanisms of growth, swelling, and phase 
transformation are considered. Growth is 
thought to result from the combined effects of 
displacement spikes and interstitials and va- 
cancies, whereas swelling results from the ag- 
glomeration of the inert-gas fission products. 
The phase reversal inuranium-molybdenum and 
uranium-niohium alloys is interpreted as a re- 
sult of the action of displacement spikes. Bubble 
formation of gas formed in atransparent plastic 
by gamma irradiation has been studied.*! The 
results are interpreted, and, by analogy, the ex- 
pected behavior of metal fuels is described. 

The development of macrocracks inirradiated 
uranium due to internal strains caused by the 
anisotropic thermal expansion of uranium crys- 
tals has been determined experimentally and 
compared for in-reactor and out-of-reactor 
treatments at Hanford.’ 

Twelve samples of uranium—0.5 at.% chro- 
mium alloy irradiated to0.19 at.% burn-up under 
various conditions and temperatures were ex- 
amined by the British.” In the range of 525 to 
550°C, swelling of specimens occurred pri- 
marily by the formation of intergranular cracks. 
Effective restraint prevented this occurrence. 
Microscopy suggests that the cracks are formed 
by strings of small cavities joining together, and 
it is suggested that the formation and growth of 
these cavities is markedly influenced by thermal 
cycling. Cycling through the alpha-to-beta 
transformation was also studied. 

Additional research is in progress at Han- 
ford** to determine the mobilities of rare-gas 
fission products in uranium in order to under- 
stand the mechanisms of pore formation. The 
amount, mode of deposition, and depth of pene- 
tration of rare gas into uranium is being studied 
after electrical glow discharge. Both krypton 
and xenon are being studied in this manner. 

(F. A, Rough) 


Nonmetallic Fuels 


At Oak Ridge®™ the monitoring of the instanta- 
neous release of fission gases from an in-pile 
experiment is being conducted. From total ac- 
tivity data, it-is concluded that the release from 
a ThO,-UO, sample at 1300°F and higher is by 
diffusion, recoil release being minor. More de- 
tailed analyses of the activity from various ma- 
terials during in-pile irradiation is planned. 








A mathematical analysis has been made™ of 
the effects of closed pores upon the release of 
fission gases from UO,. If a “no-closed-pore” 
model is used to obtain diffusion coefficients 
from short-term experiments and the same 
modei is employed to predict the gas release 
under power-reactor conditions, the predicted 
value will be correct for the initial part of the 
exposure. For longer periods the estimated re- 
lease would be larger than the actual release, 
Measurement of the fraction of gas which is 
trapped in pores during annealing of irradiated 
UO, would provide a parameter that could be 
used in mathematical treatments of the problem 
to allow for the effect of sealed pores. 

Thin films of aluminum containing 1-p- 
diameter UO, particles have been irradiated at 
Hanford** up to thermal fluxes of 3.4 x 10! nvt. 
As the exposure increases the UO, becomes re- 
distributed, presumably by sublimation or its 
equivalent, and is identified by X-ray diffraction 
as small crystallites over the face ofthe alumi- 
num. (F. A, Rough) 


Mechanism of Corrosion 
of Fuel Alloys 


Battelle has recently completed a visual study 
of. the corrosion of defected Zircaloy-2-clad 
fuel-element specimens in high-temperature 
water.*® Progress of corrosion was followed by 
means of time-lapse color motion pictures taken 
through a windowed autoclave. Core materials 
were unalloyed uranium and uranjum—2 wt.% 
zirconium alloy. The water temperature ranged 
from 200 to 345°C, 

The sequence of events associated with cor- 
rosion at the drilled defect was the same for all 
specimens, although the time at which different 
stages occurred varied. After an induction pe- 
riod, the first evidence of attack was the forma- 
tion of a blister in the cladding area surrounding 
the defect. No hydrogen evolution or loss of 
corrosion product was observed during this 
early period. (This suggests that hydriding of 
the uranium may be occurring at this stage of 
corrosion.) Eventually, a crack appeared at the 
base of the blister. This was accompanied by 
the evolution of copious quantities of hydrogen 
and the expulsion of corrosion product. Cata- 
strophic failure of the specimen occurred soon 
afterward. The time required for each phase 
was reduced as the temperature was raised. 
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Diffusion-treated uranium—2 wt.% zirconium 
cores were most resistant to attack, whereas 
beta-treated water-quenched natural-uranium 
cores were least resistant. 

Efforts to correlate observed hydrogen evolu- 
tion’ with that theoretically available from the 
corrosion reaction were unsuccessful because of 
(1) incomplete reaction of the core with the 
water (unreacted core metal was found in some 
specimens) and (2) difficulty in maintaining an 
absolute leaktight seal on the autoclave. A hy- 
dride layer was detected on the inner surface of 
the Zircaloy-2 cladding in these specimens, in 
contrast to the general permeation by hydrogen 
which is observed during the corrosion of more 
corrosion-resistant uranium-alloy cores. The 
Battelle workers believe that the hydride layer 
was the result of rapid reaction with the hydro- 
gen produced from the corrosion reaction, plus 
insufficient time at temperature to allow signifi- 
cant diffusion of hydrogen into the matrix of the 
Zircaloy-2 cladding. (W. E, Berry) 


Metal-Water Reactions 


Effort has continued at Argonne®® on the study 
of uranium-water reactions. Inthis study, metal 
wires are rapidly melted and dispersed in a 
water-filled cell by a surge current from a bank 
of condensers. The energy input to the wire 
indicates reaction temperature; the transient 
pressure measures reaction rate; the amount of 
hydrogen generated gives the extent of reaction; 
and the particle size of the residue indicates the 
surface area exposed to reaction. 


The total extent of reaction for 60-mil ura- 
nium wires, as determined from measurements 
of the total hydrogen liberated, is plotted in 
Fig. 1. Uranium appears to be considerably 
more reactive than zirconium at similar tem- 
peratures. Both metals show a significant reac- 
tion in the region of their melting points. 

Results showed also that there was a 5- to 
20-msec delay, or induction period, before 
evolution of hydrogen commenced. In many runs 
the residue consisted of flakes or chips rather 
than spherical particles as was the case with 
zirconium. These latter points will receive ad- 
ditional study. 

Harwell®™’ has recently reported results of a 
study of the uranium—water vapor reaction be- 
tween 160 and 1400°C at 1 atm using a thermo- 
gravimetric method. Up to 880°C the reaction 
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Figure 1—Uranium-water reaction: percentage re- 
action as a function of energy input and initial tem- 
perature. ® 


follows a linear rate law, with maximum rates 
at approximately 300°C (2.7 mg weight gain/ 
(cm*)(min)] and 750°C [6 mg weight gain/(cm’) 
(min)]. Above 880°C a parabolic rate law ap- 
plies for the first 60 to 120 min, after which the 
rate is constant. The oxide formed in the initial 
period coalesces and gives protection to the un- 
derlying metal. The subsequent rate is as low 
as that at about 200°C [0.1 mg weight gain/ 
(cm*)(min) }. 

Experiments with molten uranium at 1200 and 
1400°C showed that the rate was initially para- 
bolic, with rates as high as 37 mg weight 
gain/(cm?)(min). However, the rate decreased 
with time; and, after about 10 to 20 min, it 
reached a steady value of 4 to 5 mg weight 
gain/(cm’)(min). 

X-ray diffraction of the reaction product indi- 
cated that uranium dioxide (UO, to UO, .,) was 
formed over almost the entire temperature 
range. The only exception to this was one sam- 
ple, reacted at 300°C, which appeared to be 
U,0,. 

Phillips Petroleum™ reports a series of ex- 
periments using an automatically recording 
thermobalance to measure the rate of weight 
gain, hence the oxidation rate, of molten-metal 
samples contained in an alumina crucible sus- 
pended from one of the armsofthe balance. The 
crucible was enclosed by a furnace containing 
water vapor at apressureoflatm. Preliminary 
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measurements of reaction rates have been ob- 
tained for aluminum and for an aluminum —21.4 
wt.% uranium alloy. 

Although experimental difficulties due to the 
permeability of the alumina crucibles were en- 
countered, preliminary results are reported. 
These indicate that the reaction rate of pure 
aluminum (99.99 per cent) with water vapor 
reaches a maximum of about 0.004 mg weight 
gair./(cm’)(min) at 1600°F, decreasing both 
above and below this temperature, 

For the aluminum—21.4 wt.% uranium alloy, 
the reaction rate, to a close approximation, 
doubles with every 100 F rise over the range 
1500 to 1800°F. At 1800°F it is about 0.033 mg 
weight gain/(cm’)(min); the rate decreases to 
about 0.007 at 1900°F. Although the assumed or- 
der of reaction was not specified, the Arrhenius 
energy of activation was reported as 46 kcal/ 
mole over the temperature range 1500 to 
1800°F. The report does not disclose whether 
any variation in rate with time was observed. 

(A. W. Lemmon, Jr.) 
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Graphite 


Graphite samples (CSF) irradiated at 30°C with 
accumulated exposures* up to 11,062 Mwd/at 
were examined at Hanford.’ After this long ex- 
posure the samples continued to show an expan- 
sion in the transverse direction at a rate of 0.26 
per cent per 1000 Mwd/at. A decrease in the 
expansion rate was observed at an exposure of 
5000 Mwd/at; however, the rate is apparently 
constant from 5000 to 11,000 Mwd/at. Similar 
changes in the contraction rates of parallel 
samples have occurred. The contraction rate 
between 5000 and 11,000 Mwd/at is 0.08 per cent 
per 1000 Mwd/at. Maximum changes observed 
were 5.43 per cent expansion in the transverse 
direction and 1.26 per cent contraction in the 
paraliel direction. 

Results of an experiment’ to compare the oxi- 
dation resistance of pyrolytic graphite with that 
of CO graphite in flowing air are presented in 
Table II-1. The superior oxidation resistance of 
pyrolytic graphite is evident. 














Table Il-1 OXIDATION RATES OF PYROLYTIC 
AND CO GRAPHITES* 
Oxidation rate, g/g-hr 

CO graphite 

Temp., °C Pyrolytic graphite (needle coke) 
450 1.24 x 1075 3.5 x 1074 
500 9.24 x 1075 1.8 x 1073 
550 4.21 x 1074 6.0 x 1073 


600 1.71 x 1073 





The mean linear thermal-expansion coeffi- 
cient parallel to the crystal planes was deter- 
mined for pyrolytic graphite using a quartz dif- 
ferential dilatometer; Table II-2 gives the re- 
sults. The extreme anisotropy of this form of 





*One Mwd/at is the amount of irradiation received 
by a sample during the time required for the ton of 
uranium adjacent to it to generate 1 Mwd of fission 
energy. This amounts to an exposure of about 3.9 x 
10"? nvt thermal, or about 6.5 x 10" nvt total. 
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Table II-2 COEFFICIENT OF LINEAR THERMAL 
EXPANSION OF PYROLYTIC GRAPHITE’ 





Linear thermal- 


Temp. range, expansion coefficient, 


°C 107~*/°C 
25-125 -0.13 
25-275 -0.09 
25-375 0.00 
25~—625 +0.34 
+0.59 


25-925 


graphite is evidenced by the negative coefficient 
of linear thermal expansion below375°C. Here- 


tofore, only natural flake or skeletal graphite’ 


had shown this property. 

Samples® of National Carbon Company Con- 
tinental coke graphite were annealed at 650°C 
before irradiation at 550°C. Another similar 
set of samples was irradiated without prior an- 
nealing; the exposure was 885 Mwd/at. For the 
annealed samples the transverse and parailel 
length changes were +0.008 and —0.004 per cent, 
respectively. The corresponding values for un- 
annealed samples were +0.024 and +0.001 per 
cent. These data indicate that prior annealing 
may appreciably reduce the initial expansion 
prior to contraction observed at this irradiation 
temperature, Samples annealed at 2600°C prior 
to irradiation are being irradiated. Results 
should indicate whether or not che expansion 
observed in the 650°C annealed specimens 
stemmed from insufficient annealing or from 
growth due to radiation damage. 

In laboratory studies at ORNL‘ on SiC-Si 
coated graphite, developed by Minnesota Mining 
and Manufacturing Company, small samples 
showed no ill effects after being heated for 
periods up to 1000 hr in air. Near-sonic air 
blasts at 1830°F did not produce erosion dam- 
age, and rapid thermal cycling from 1830°F to 
room temperature did not crack or damage the 
specimen. The effect upon the coating of an in- 
ternal pressure, such as might be produced by 
build-up of fission gas, was studied. A hollow 
cylindrical graphite tube, closed at one end, was 
coated on the outside only with the open end 
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attached to an Incone! tube. The graphite tube 
was pressurized to 100 psig with helium, and 
the temperature was brought to 2000 ° F by means 
of a heater placed over the lower half of the 
graphite tube. The system was checked periodi- 
cally for leaks by closing off the helium supply 
and observing the pressure. After 1050 hr at 
2000°F, the tube was examined and no evidence 
of damage was found. No detectable leakage of 
helium had occurred. 

Two coated graphite cylinders were irradiated 
to 6.3 x 10°° nvt atlowtemperature. The density 
of the specimens decreased by 2 per cent. Both 
specimens appeared sound and did not exhibit 
leaks when placed in hot silicone oil. These 
specimens were tested for oxidation resistance 
at 2000°F in air for 186 hr, and no weight 
changes were observed (+ 0.0007 g). The sam- 
ples returned to their original density during the 
2000°F oxidation test. (J. Koretzky) 


Beryllium Metal and Alloys 


Fabrication 


An improved method of compacting beryllium 
powder into: elongated forms is claimed.’ The 
powdered metal is placed in a thin metal tube 
capable of a high degree of plastic deformation. 








Direction Ultimate Yield strength 
of strength, (0.5% offset), 
Specimen* grain psi psi 
1 L 68,330 54,000 
2t L 45,200 45,200 
3 L 78,400 50,200 
5 T 39,500 N.D 
6 T 


40,600 N.D. 
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lubricant. The extrusion had the properties 
shown in Table II-3. An interim specification 
for beryllium extrusion material was written to 
provide target property data for the effort, 
Minimum properties inthe longitudinal direction 
were specified as 60,000 psi ultimate, 35,000 
psi yield, 10 per cent elongation, and 10 per 
cent reduction of area.*®’’ 

The Air Force program’ at Brush Beryllium 
for the production of large flat sheets of beryl- 
lium has progressed into the fourth and final 
phase. In Phase III, 50 sheets were rolled to 
0.060-, 0.040-, and 0.020-in. thicknesses in 
various lengths; the yield was only 31.7 per 
cent. These sheets were made from —325 mesh 
powder of 2.25 wt.% BeO and 0.15 wt.% iron 
analysis. Although the strength of the sheets 
was improved, breakage was much higher, and 
the yield much lower, than would have been ex- 
pected had the standard —200 mesh QMV powder 
of 1.25 to 1.75 wt.% BeO content been used. 
Therefore in Phase IV, which requires the pro- 
duction of sheets 24 in. or more in width by 
60 in. long, the standard powder containing 1.5 
wt.% BeO is being used. Lamination and insuf- 
ficient flatness have been the major difficulties 
encountered in Phase IV. Wide sheets of the 
Phase III material could be bent over a 2.57 
radius at 1200°F. At 800°F and lower tempera- 


Table 1-3 PROPERTIES OF EXTRUDED BERYLLIUM* 


Elongation, % Modulus of 





pious Reduction elasticity, 
Dial gauge Strain gauge of area, % 108 psi 
6.6 1.66 1.0 N.D.?t 
0.144 N.D. 0.55 43.3 
7.0 1.61 0.3 43.7 
1.0 N.D. N.D 46.5 
1.0 N.D. N.D. N.D. 


*Specimen 4 was pulled from the grips; no values were obtained. 


+N.D. = not determined. 
t Fractured prematurely. 


The tube is capped, placed in a suitable die, and 
compressed from the ends. A thickening and 
shortening of the tube occurs. Afterward, the 
tube is easily removed from the die, split, and 
peeled from the compact. 

The feasibility of producing bare beryllium 
extrusions was definitely proved, although much 
development remains to be done before the proc- 
ess becomes commercial. A 6-ft-long V-shaped 
channel has been extruded, using glass as the 


tures the minimum bending radius depended on 
and varied with the width of the sheets. An- 
nealing the hot-rolled sheets at 1385 to 1400°F 
for 10 to 15 min only seemed to be the optimum 
heat-treatment. Roller leveling of hot-rolled 
beryllium sheet appears feasible. 

The joining of beryllium to itself and other 
metals continues to be a problem. Brittleness 
makes the joining of structural parts difficult. 
Brazing, and possibly adhesive bonding, shows 
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the most immediate promise.’ However, welding 
is required where the ultimate in strength at 
elevated temperatures becomes necessary. 

Studies at Oak Ridge" indicated that diffusion 
bonding is an excellent method of joining beryl- 
lium plugs to beryllium tubes. Pressures for 
bonding were obtained by heating the tubes with 
the plug inserted inside a molybdenum jig. The 
smaller thermal expansion of the molybdenum, 
compared to beryllium, compressed the joint 
sufficiently to make a bond, Joints brazed with 
an alloy of 48 wt.% zirconium — 48 wt.% titanium — 
4 wt.% beryllium cracked on cooling because of 
differences in the thermal expansion of the alloy 
and beryllium. The report includes a prelimi- 
nary evaluation of */,-in.-ID beryllium tubing 
obtained from England. 

Meanwhile, The Brush Beryllium Company 
reports'' that the fusion welding process for 
beryllium, with or without filler rods, has been 
developed so that the problems connected with 
obtaining crack-free joints appear to be solved. 
Brush Beryllium workers are starting a new 
project aimed at the production of welds of im- 
proved quality, making use of beryllium wire as 
the filler material. 

A possible method of making pure beryllium 
electroplates was reported in Britain.” A bath 
of beryllium chloride etherate [2.5!M BeCl,- 
2(C,H;),O in ethyl ether] at 15°C was used, and 
bright, thin coherent films were obtained. These 
coatings were spectrographically free of iron, 
nickel, aluminum, or other metals. The elec- 
trolytic refining of beryllium in molten salt 
baths also was investigated. 

Nuclear Metals, Inc.,'*:' showed that beryl- 
lium could be extrusion and roll clad with type 
304 stainless steel, “A” nickel, Inconel, or 
titanium, but only with a silver interlayer in 
each instance. The clad material had considera- 
ble bend ductility, and the cladding protects the 
beryllium from scratches. Excellent bend duc- 
tilities were obtained from narrow strips of 
beryllium bonded edge-to-edge with aluminum 
alloys or with silver. 

The Martin Company exhibited the first beryl- 
lium structure in the world. Sheet was made by 
Nuclear Metals, with control of both the crystal 
size and crystal orientation. Some significant 

degree of biaxial ductility was obtained so that 
the sheet could be hot formed and riveted.” 

Examination of beryllium sheet after grinding 
and milling operations showed that the worked 
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layer was less than 1 mil thick. Grinding pro- 
duced more twinning than did milling. However, 
little difference was found in the bend behavior 
at room temperature, after six different surface 
treatments, of specimens whose surface rough- 
ness varied between 5 and 65 jin.'® 


Detailed procedures for the preparation of 
metallographic specimens of beryllium are pre- 
sented in a DMIC publication."' 


Mechanical Properties 


The time behavior of the stress just ahead of, 
and perpendicular to, the leading edge of acrack 
in a uniform isotropic elastic beryllium plate 
was analyzed. It was found that the stress de- 
creases slightly at first and then increases 
without limit in proportion to /’2, when the time 
tis large.'® 


The problem of ductility in beryllium was 
reviewed" with special emphasis on the defense 
by G. C. Ellis of the theory that impurities 
are the cause of brittleness in beryllium. The 
problem of ductility in tubes is discussed from 
the standpoint of texture in relation to reduction 
during manufacture. 


An attempt was made’® to determine the re- 
producibility of mechanical properties in a sin- 
gle beryllium sheet by testing about 30 tensile 
specimens in eachofthree directions. The sheet 
was prepared from Pechiney flake by coldcom- 
pacting, followed by hot press forging and hot 
rolling. Rolling reduction was 33 per cent inthe 
cross direction, followed by 80 per cent in the 
longitudinal direction. Specimens were ground 
to a uniform 0.080-in. thickness and were etched 
before testing. The mean tensile values were 
(L) 67,000 psi, (45 deg) 54,000 psi, (7) 49,000 
psi, with a scatter of about 33 per cent in each 
case. The elastic limit in bend testing was sig- 
nificantly higher than the 0.2 per cent offset 
yield stress intension, apparently indicating that 
the elastic limit of beryllium is higher under 
complex stressing than under simple tension. 


Another review’ of beryllium metallurgy, 
with particular emphasis on processes used in 
France, gave the mechanical properties shown 
in Table II-4 for rolled beryllium sheet. The 
sheet that evidenced the considerable amount of 
bidirectional ductility shown in Table II-4 had 
been vacuum cast from Pechiney flake, reduced 
to powder, pressed and sintered, extruded, and 
cross rolled. 
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Table 1-4 MECHANICAL PROPERTIES OF 
BERYLLIUM SHEET” 


Sheet Longitudinal 


Transverse 
Reduction =p onl 
thickness 


Strain, 


by rolling, Stress, Strain, Stress, 
In % psi % psi 


57,000 5 
0.059 63,000 8.2 
0.029 63,000 6.5 


64,000 
70,000 
70,000 


Thermal and Chemical Properties 


Data on the heat capacity of beryllium were 
collected from many sources and presented with 
an evaluation and selection of the best values, 
together with an estimate of the effect of im- 
purities on those values, in a recent DMIC 
publication,”! 

The specific heats of uranium, thorium, 
beryllium, sodium, and a 44.5 wt.% lead—55 wt.% 
bismuth alloy were determined by a cooling- 
heating method and by the absolute method using 
an electron-radiation calorimeter.” The beryl- 
lium was 99.80 per cent pure; its thermal con- 
ductivity at 20°C was determined as 100 kcal/ 
(mole)(hr)(°C). The values obtained for the 
specific heat of beryllium in cal/(g)(°C) at vari- 
- Ous temperatures are shownbelow. These agree 
very well with the “recommended” values in 
the DMIC report referred to above, 


Specific |. 
Temp., heat, | Temp., 
— cal/(g)(°C) | i‘ 


Specific 
heat, * 
cal/(g)(°C) 


0.615 
0.635 
0.655 


20 0.400 | 350 
50 0.465¢ || 400 
100 | 450 
500 0.672 





The corrosion resistance of beryllium in 
600°F water has been investigated.”* At best, 
the metal lasts from 140 to 160 days before 
accelerated local attack takes place. There was 
some evidence that quenching beryllium from 
1750°F improved its corrosion resistance, but 
it is not known whether the improvement is 
sufficient to permit the extended use of beryl- 
lium in 600°F water. 





*Heat capacities obtained in electron-radiation calo- 
rimeter. 


t Heat capacities obtained by the relative method. 


Twenty-nine papers presented at a two-day 
symposium held at MIT in September 1958 were 
published as a single volume.”‘ These papers 
cover the entire field of human poisoning by 
beryllium —history, pathology, diagnosis, treat- 
ment, and prevention—from the standpoint of 
both the physician and the engineer. 

(W. Hodge) 


Beryllium Compounds 


Investigators at Harwell measured the thermal 
conductivity of two specimens of hot-pressed 
BeO, one irradiated in the DIDO to 5 x 10” nvt 
at 185°C and the other unirradiated.”® The 
specimens were about 1 cm square and about 
10 cm long. The irradiated specimen hada pre- 
irradiation density of 2.72 g/cm’, and the unir- 
radiated specimen had a density of 2.60 g/cm’. 
At a mean specimen temperature of 100°C, the 
thermal conductivity of the irradiated specimen 
was 13 per cent lower than that of the unirradi- 
ated specimen, corrected for the difference in 
density. The difference in conductivity appeared 
to decrease to zero at about 350°C, and there- 
after no substantial divergence was observable 
up to 500°C. (J. Koretzky) 


Solid Hydrides 


Hydrided zirconium-uranium alloys continue 
to be the subject of much of the research in this 
area. However, the properties of both zirconium 
hydride and yttrium hydride are still being 
determined. Additional information on the 
niobium-hydrogen system has been reported. 


Table 1-5 ELECTRICAL RESISTIVITY AND HALL 
COEFFICIENTS OF ZIRCONIUM HYDRIDE 
Electrical resistivity (p), 
107* ohm-cm 


Hall coefficient (R), 
1075 em*/coulomb 





Sample 300°K 77°K 4.2°K 1.1°K 300°K 77K 4.2K 





ZrH,.44 69.1 49.2 44.5 44.5 =—34.8 -—37.3 —29.9 
ZrHy.q 66.6 47.3 43.8 43.8 +42.0 +39.8 +39.8 
ZrH,,9, 54.7 33.2 28.9 28.9 +39.0 +50.4 +48.7 


Zirconium Hydride 


The Hall coefficient and the electrical resis- 
tivity of zirconium hydride have been measured 
at Atomics International. The values are shown 
in Table II-5 and are characteristic of metallic 
behavior. 








Diffusion coefficients for hydrogen in delta- 
phase zirconium hydride between 650 and 850°C 
have been measured at Battelle.** The values 
obtained by the steady-state and the time-lag 
methods are in good agreement, as shown in 
Table II-6. It was concluded that the permeation 


Table II-6 DIFFUSION COEFFICIENTS FOR 
HYDROGEN IN ZIRCONIUM HYDRIDE“* 


Diffusion coefficient (D9), 


averhep 107~* cm?/sec 

Temp., composition, eS a Ph 

°C at.% hydrogen Steady-state Time-lag 

500 65.8 0.15 0.21 

600 63.3 1.2 | 

700 59.8 7.2 Pe 

700 60.0 7.2 

700 60.0 7.6 


750 60.0 29 27 


process is diffusion controlled. The diffusion 
coefficients were found to be independent of 
concentration and can be expressed by D= 
6.14 x 1074 exp (—45,900/RT) cm*/sec. 

Espagno et al.”"-?* have developed a dilato- 
metric technique for studying the zirconium- 
hydrogen system. Changes in sample lengthare 
correlated with the hydrogen content of the 
specimen and with the eutectic temperature. An 
abrupt change in the dilatation coefficient is 
claimed to indicate a phase boundary. 


Yttrium Hydride 


The methods of fabrication and the properties 
of yttrium hydride have been reported by Gen- 
eral Electric. The lattice constant of the face- 
centered-cubic structure YH, is a, = 5.201 A. 
The dissociation pressure of hydrided yttrium 
of various hydrogen compositions is shown as a 
function of temperature in Fig. 2. 

During irradiation of yttrium hydride speci- 
mens in the ETR by Oak Ridge, gamma heating 
produced a temperature gradient up to 400°F 
from the surface to the center of a 0.800-in.- 
diameter cylinder. After 90 hr, including seven 
thermal cycles between 750 and 1550°F, the 
specimens were still structurally sound. 

The change in density of yttrium hydride with 
hydrogen content has been determined at Denver 
Research Institute. Table II-7 gives values for 
the density and the N, of yttrium hydride con- 
taining more than 1 wt.% hydrogen. 

Battelle stress-rupture data on hydrided 
yttrium having Ny, values of 4.8 and 5.4 are 
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Figure 2——-Pressure as a function of temperature at 
constant volume for hydrided yttrium. 


Table II-7 DENSITY AND Ny OF YTTRIUM HYDRIDE AS 
A FUNCTION OF COMPOSITION 


Hydrogen content, Density, 

wt.% g/cm! Nu 
1.08 4.360 2.80 
1.26 4.347 3.28 
1.44 4.336 3.72 
1.59 4.330 4.12 
1,82 4.311 4.69 
9 


19 4.290 5.61 


shown in Table II-8. The higher ductilities and 
creep rates at 2000°F, as compared to those at 
1800°F, are apparent for the specimens with 
Ny = 5.4. 

The hydrogen content of yttrium hydride was 
reduced from 2.11 to 1.92 wt.% by 1000-hr ex- 
posure to terphenyls in a dynamic loop at 500°F 
maximum temperature. 

Denver Research Institute found that the hy- 
drogen absorbing capacity of yttrium is only 
slightly decreased by the presence of 3000 ppm 
oxygen in the metal and that no serious effect on 
hydriding was observed with as much as 5000 
ppm oxygen. 


Niobium Hydride 


Metallographic studies of carefully annealed 
samples of niobium hydride have been reported 
by Paxton et al.** They found evidence that what 
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Table 11-8 RESULTS OF STRESS-RUPTURE TESTS 
ON HYDRIDED YTTRIUM 








Total Min. 
Rupture elon- creep 
Temp., Stress, time, gation, rate, Atmos- 
°F psi hr oe %/hr phere 
N, = 4.8 
1800 3800 76.6 16.0 0.139 414 mm H, 
346 mm He 
2000 2500 4.9 2.0 724 mm H, 
36 mm He 
N, = 5.4 
1800 5600 136.1 5.5 0.028 517 mm H, 
243 mm He 
2000 2800 114.9 28.0 0.20 1035 mm H, 
2000 3800 6.1 11,0 2.2 


1035 mm H, 


has been proposed to be a miscibility gap in the 
niobium-hydrogen system, in the temperature 
range 200 to 300°C, may actually be a marten- 
sitic phase transformation. 


Alloy Hydrides 


LaGrange et al.*® have studied the zirconium- 
uranium-hydrogen system in the temperature 
range 600 to 800°C by hydrogen-dissociation- 
pressure measurements and high-temperature 
X-ray-diffraction techniques. The zirconium- 
uranium alloys investigated contained 1.69, 3.26, 
5.05, 15.0, and 54.0 at.% uranium. Isothermal 
sections of the ternary diagram at 617, 643, 
687, and 795°C are presented, No new phases 
that are not already known to exist in the re- 
lated binary systems were encountered. The 
miscibility gap appearing in the body-centered- 
cubic solid-solution field of the zirconium- 
uranium diagram expands rapidly with the ad- 
dition of hydrogen. The solubility of uranium in 
the face-centered zirconium hydride phase is 
very limited. 

A high-temperature irradiation study of the 
hydrided zirconium—2 wt.% uranium alloy was 
conducted by Battelle.*' Enriched ZrH, .;—2 
wt.% uranium specimens were irradiated in the 
MTR, Specially designed capsules were used, 
which provided a hydrogen atmosphere and al- 
lowed center-line temperatures up to 1500°F. 
The actual temperatures recorded during the 
exposure period ranged from 900 to 1400°F. 
Uranium burn-ups of 13 and 25 at.% were 
achieved. Almost negligible changes in density 
were produced in the material by the irradia- 
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tion. Changes of length and diameter were of a 
degree that could fall within experimental error. 
Metallographic examination showed no change in 
microstructure which could be attributed to the 
effect of irradiation. 

Preliminary studies on Zircaloy-4 at Han- 
ford’ have shown that this alloy picks up mo- 
lecular hydrogen much more rapidly than does 
Zircaloy-2. Hydriding was done at 400 to 500°C 
with both dry and wet hydrogen, and similar re- 
sults were found in both cases. 

(H, H. Krause) 


References 


1. F. W. Albaugh, Reactor and Fuels Research and 
Development Operation Monthly Report for Octo- 
ber 1959, USAEC Report HW-62587A, Nov. 15, 
1959. (Classified) 

2. F. W. Albaugh, Reactor and Fuels Research and 
Development Operation Monthly Report for No- 
vember 1959, USAEC Report HW-62899A, Dec. 15, 
1959. (Classified) 

3. F. W. Albaugh, Reactor and Fuels Research and 
Development Operation Monthly Report for Sep- 
tember 1959, USAEC Report HW-62012A, Oct. 15, 
1959. (Classified) 

4. Solid State Division Annual Progress Report for 
Period Ending August 31, 1959, USAEC Report 
ORNL-2829, Dec. 11, 1959. 

5. Harold F. Larson, Method of Forming Elongated 
Compacts, U.S. Patent 2,885,287, May 5, 1959 

6. Program for the Development of Extruded Beryl- 
lium Shapes; Interim Engineering Report No. 3 
for the Period December 1, 1958 to February 28, 
1959, Report NOR-59-227. 

7. Program for the Development of Extruded Beryl- 
lium Shapes; Interim Engineering Report No. 4 
for the Period March 1, 1959 to May 31, 1959, 
Report NOR-59-353. 

8. K. G. Wikle and J. W. Armstrong, Production of 
Beryllium Sheets Finished Flat to Gauge: Phase 
IlIl-Phase IV, Progress Report No. 7 for May 1 to 
July 31, 1959, Report NP-7948, Brush Beryllium 
Company. 

9. Design Tips for Joining Beryllium. Part I. 
Aircraft and Missiles Manufacturing, 2(12): 26- 
28 (December 1959). 

10. Gas-cooled Reactor Project Quarterly Progress 
Report for Period Ending September 30, 1959, 
USAEC Report ORNL-2835, Dec. 2, 1959. 

11. B. M. MacPherson and W. W. Beaver, Fusion 
Welding of Beryllium, Progress Report No. 1, 
May 1 to July 31, 1959, Report NP-7901, Brush 
Beryllium Company, Aug. 15, 1959. 

12. I. A. Menzies and D. L. Hill, Electrolytic Deposi- 
tion of Beryllium, Nature, 183(4664): 816-817 
(Mar. 21, 1959). 



































14 


15 


17. 


18. 


19. 


20. 


21. 


22. 





. J. Greenspan et al., Beryllium Research and De- 


velopment in the Area of Composite Materials, 
Report NMI-9404, Mar. 20, 1959. 

J. Greenspan et al., Beryllium Research and De- 
velopment in the Area of Composite Materials, 
Report NMI-9408, June 23, 1959. 

Beryllium Structure Made, Missiles and Rockets, 
5(23): 4 (June 8, 1959). 


. M. Jacobson et al., Beryllium Crack Propagation 


and Effects of Surface Conditions, Report LMSD- 
288005, May 20, 1959. 

R. D. Buchheit et al., Procedures for the Metallo- 
graphic Preparation of Beryllium, Titanium, and 
Refractory Metals, Report DMIC-Memo-37, 
Oct. 26, 1959, Battelle Memorial Institute. 
Ductility of Beryllium, The Metal Industry (Lon- 
don), 95(11): 224ff (Oct. 23, 1959). 

N. A. Hill, The Variation of Tensile and Bend 
Properties in a Beryllium Sheet, British Report 
AERE-M-482, July 1959 (to be submitted for 
publication). 

P. Vachet, Beryllium, British Report IG-IS- 
59(RD/S), Translation by R. L. Tams, UKAEA, 
from Chimie & industrie (Paris), 81(1): 64-77 
(January 1959). 

J. W. Holladay, Heat Capacity of Beryllium, Re- 
port DMIC-Memo-36, Oct. 19, 1959, Battelle 
Memorial Institute. 

E. A. Mit’kina, The True Specific Heats of Ura- 
nium, Thorium, and Other Metals (in Russian), 
Altomnaya Energiya, 7: 163-165 (August 1959). 


REACTOR CORE MATERIALS 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


Henry Suss, Properties of Beryllium Metal, 
USAEC Report KAPL-M-HOS-7, Sept. 9, 1959. 
Beryllium Disease and Its Control, AMA Archives 
of Industrial Health, 19(2): (February 1959). 


R. C. McGill and J. A. G. Smith, The Thermal 
“Conductivity of Irradiated and Unirradiated Beryl- 
lia, British Report AERE-R-3019, July 1959. 


R. W. Dayton and C. R. Tipton, Jr., Progress Re- 
lating to Civilian Applications During November 
1959, USAEC Report BMI-1398, Dec. 1, 1959. 
(Classified) 


L. Espagno et al., Dilatometric Study of the 
Zirconium-Hydrogen System, Comptes 
247: 1199-1201 (1958). 


L. Espagno et al., Dilatometric Study of the 
Zirconium-Hydrogen System Between Ambient 
Temperature and 550 C, Comptes rendus, 24T: 
2003 —2005 (1959). 


H. W. Paxton et al., Observations onthe Niobium- 
Hydrogen System, Transactions of the American 
Institute of Mining, Metallurgical, & Petroleum 
Engineers, 215(4): 725-726 (August 1959). 


L. D. LaGrange et al., A Study of the Zirconium- 
Hydrogen and Zirconium-Hydrogen- Uranium Sys- 
tems Between 600 and800 C, Journal of Physical 
Chemistry, 63(12): 2035-2041 (December 1959). 


rendus, 


G. E. Lamale et al., High-temperature Irradiation 
of a Zirconium Hydride—2 Wt.% Uranium Alloy, 
USAEC Report BMI-1401, Dec. 10, 1959. 














Poe 


Nj 2 


7 


iy eS aw 


Cen than, 











NUCLEAR POISONS 











Dispersion Poison Materials 


Vallecitos' has recently published a survey of 
the physics, metallurgy, and engineering aspects 
of reactor control materials. The volume con- 
tains too much information for a brief résumé; 
however, it includes a detailed discussion of 
activities at the major laboratories; a discus- 
sion of outstanding problems; a review of appli- 
cations of various materials, including boron, 
cadmium, silver, hafnium, and rare earths; 
recommendations; and many references. The 
report is unclassified and is available from the 
Office of Technical Services, Department of 
Commerce. 

Work has also been continued on the control 
of boron loss in UO, —stainless steel fuel plates 
containing a boron burnable poison.’ Owing to 
difficulty in analyzing for small quantities of 
boron in stainless steel, Oak Ridge prepared 
samples and correlated results between several 
laboratories which resulted in the development 
of reliable analytical techniques. Fuel plates 
containing B,C (which was used in preparing 
Army Reactor SM-1 fuel plates) gave an aver- 
age 22.4 wt.% boron loss. The loss of boron in 
various matrices during sintering is shown in 
Table III-1. Because heavy losses occur only 
when oxygen is available, the following reactions 
are suggested: (1) °/xMOx = 2B =B,O,(liq) + 
¥YxM and (2) B,O,(liq) = B,O,(gas), where reac- 
tion 2 is considered to be rate controlling. 

Oak Ridge also reports that SrB,, ZrB,, B,C, 
and BN are not compatible with stainless steel. 

At Bettis‘ Zircaloy-2-clad titanium-base dis- 
persions containing enriched boron or enriched 
titanium diboride were examined as possible 
control materials. Results of corrosion tests 
of the nonirradiated dispersions indicated that 
cladding with a corrosion-resistant material 
was necessary. Roll bonding Zircaloy-2 cladding 
to titanium-base dispersions was shown to be 
feasible through a study of the integrity, cor- 
rosion resistance, and bend properties of the 
clad dispersions. Cladding separation and ex- 
cessive swelling were noted in the samples of 


Table III-1 


AVERAGE BORON SINTERING LOSSES* 
FROM COMPACTS CONTAINING 5 WT.% BORON, 
BALANCE MATRIX MATERIAL, SINTERED 











AT 1135°C 

Siotete Boron loss,* wt.% 

material Vacuum Argon Wet helium 
Si 2.6 3.4 10.1 
SiO, 12.3 9.1 7.2 
Ni 2.6 §.3 9.3 
NiO 31.5 8.6 41.5 
Cr 1.7 3.0 
Cr,0, 2.1 3.3 
Fe 5.1 3.0 





*Sintering environment. 


clad titanium-base dispersions containing 5 wt.% 
enriched boron which were irradiated for long 
periods. The clad 34 wt.% enriched titanium 
diboride dispersion irradiated to nearly the 
same exposures showed no visual evidence of 
cracking of the cladding or excessive swelling. 
Metallographic examination after irradiation, 
which was confined to the 5 wt.% enriched boron 
dispersion, revealed internal cracking and bond- 
line damage, the severity of damage increasing 
with radiation exposure. 

Bettis® has also published a study of the ex- 
trusion and fabrication characteristics of vari- 
ous titanium-enriched boron dispersions which 
indicates that hot extrusion of uncompacted 
powders is a feasible method for producing 
these materials. Tensile and impact properties 
of dispersions containing 2.43, 3.4, and 3.8 wt.% 
B® show a decrease with increasing B’® con- 
centration. Irradiation studies of these mate- 
rials reveal that internal cracking results 
after thermal-neutron exposure of approxi- 
mately 4.6 x 10° nvt and higher. Tensile prop- 
erties of the dispersions were related directly 
to the exposure and resulting structure; how- 
ever, no correlation was found between exposure 
and impact properties of these materials. 

Battelle*-* is developing UO, —stainless steel 
dispersion fuel plates containing ZrB, as a 
burnable poison. Excellent boron retention is 
obtained during vacuum sintering. Total boron 
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Figure 3—Titanium-gadolinium equilibrium diagram.'® 


A, thermal analysis. 9 and &, two phase (metallographic). 
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NUCLEAR POISONS 


loss on fabricated plates is less than 10 wt.%; 
the last three full-size plates produced had 
losses of less than 6 per cent. Additional reduc- 
tion of boron loss appears possible by the use of 
niobium-coated ZrB, particles. 

(G. W, Cunningham) 


Metallic Poison Materials 


Silver-Indium-Cadmium Alloys 


A Bettis report? reviews the results of an 
investigation of a silver—15 wt.% indium—5 wt.% 
cadmium alloy for use as a replacement for 
hafnium. Conclusions drawn from the review are 
that the alloy is satisfactory in nuclear and 
mechanical properties, irradiation stability, and 
fabricability. Corrosion resistance in high- 
oxygen water andcreep resistance under bending 
loads are marginal. Electroplated nickel coat- 
ings satisfactorily protect the alloy against cor- 
rosion. Creep resistance can be improved by 
coarsening the grain size of cast and wrought 
material by annealing at 500°C or by fabricating 
the material by extrusion of prealloyed powders. 


Rare-earth Alloys 


The titanium-gadolinium phase diagram, as 
established by the U. S. Bureau of Mines,” 
is shown in Fig. 3. A tentative zirconium- 
gadolinium diagram is presented in Fig. 4. 

(V. W. Storhok) 
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Corrosion 


Niobium 


At 550°C all niobium-zirconium alloys investi- 
gated at the University of Florida’ showed 
parabolic oxidation rates, but at 900°C the re- 
action rate tended to be linear, At 1090°C the 
reactions followed the relation W” = kt, with 
ranging from 2 (parabolic) for niobium-rich al- 
loys to 3 (cubic) for zirconium-rich alloys. 

In work conducted at Thompson Products, 
Hiltz? observed that NbO was formed, in addi- 
tion to Nb,O;, on oxidation of several improved 
niobium binary alloys for 24 hr at 1000°C. All 
additions that improved the oxidation behavior 
fulfilled at least two of the following conditions: 

1. An ionic size similar to that of Nb*5 

2. A +3 valence state 

3. The formation of a second oxide phase 
during oxidation 


Battelle*-* is continuing its investigation of 
hot water and steam corrosion of niobium and 
niobium alloys. On the basis of cross section, 
corrosion resistance, and 1200°F mechanical 
properties, the most attractive alloy is niobium — 
12 at.% vanadium. Ternary additions of up to 
2.5 at.% of titanium, molybdenum, iron, chro- 
mium, aluminum, or nickel do not improve the 
corrosion resistance of this alloy. 

The reaction of niobium with 1 atm nitrogen 
is under further study at Battelle.‘ At 300 to 
600°C the reaction follows the logarithmic rate 
law, whereas at 675 to 1600°C the reaction rate 
is parabolic. (W. D. Klopp) 


Zirconium 


The fretting corrosion of Zircaloy-2 in air, 
oxygen, and high-temperature water has been 
the subject of considerable study at Bettis.* In 
general, it was found that fretting weight losses 
between Zircaloy-2 surfaces were significantly 
less than those obtained for mild-steel surfaces 
under similar conditions. On the other hand, 
Zircaloy-2 tested against stainless steel in air 
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or oxygen evinced fretting losses of the order 
of 10 times those for Zircaloy-to-Zircaloy 
contacts. This fretting between the Zircaloy— 


stainless steel couples was considerably lessin - 


the water tests. Indications are that the thin 


oxide films formed on Zircaloy-2 in water help © 


to reduce fretting under light loads and rela- 
tively small surface velocities. However, any 
condition that tends to disrupt this film may 
greatly increase fretting. 


The oxidation kinetics of a series of alloys of 
zirconium containing 1, 2, and 4 at.% of alumi- 
num, beryllium, carbon, copper, chromium, co- 
balt, hafnium, iron, lead, molybdenum, nickel, 
niobium, platinum, silicon, tantalum, tin, ti- 
tanium, tungsten, uranium, and vanadium have 
been investigated at Argonne.’ The initial rates 
of oxidation of alloys containing those additives 
which are soluble in alpha zirconium could be 
interpreted in terms of the Wagner-Hauffe the- 
ory of alloy oxidation. For these alloys, it was 
postulated that the oxidation product consisted 
of a single phase and that the oxidation number 
of the additive element in the oxide affects the 
concentration of anion vacancies, which is di- 
rectly related to the oxidation rate. This fol- 
lowed since the oxidation proceeded by anion 
diffusion through vacancies in the oxide lattice. 
In the case of additives insoluble in alpha zirco- 
nium, it was thought that the oxidation produced 
agglomerates of the alloying metal oxide which 
tend to remain as a separate oxide phase. For 
these alloys the Wagner-Hauffe theory did not 
apply. 

It is suggested that the breakaway phenomenon 
may be predicted by the rule that a breakaway 
will occur when the ionic radius of the additive 
element in the oxide differs by 15 per cent or 
more from the ionic radius of zirconium. This 
rule was followed by all seven of the alloys that 
obeyed the Wagner-Hauffe theory. Although the 
factors causing breakaway are probably different 
for the insoluble- and soluble-additive systems, 
the rule also was followed by 10 of the 13 in- 
soluble additives. (W. K. Boyd) 
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Aluminum 


Preliminary out-of-reactor data, obtained at 
Hanford,® indicates that the corrosion rate of 
the X-8001 aluminum alloy at 300°C in pH—4.5 
water adjusted with HNO, is considerably higher 
than that in water of similar pH adjusted with 
H,PO,. After 642 hr of exposure, the rates were 
0.48 and 0.06 mil per month for the HNO, and 
H,PO, water, respectively. On the other hand, 
corrosion rates of type 304 stainless steel were 
similar, regardless of whether the pH was ad- 
justed with HNO, or H,PQ,. (W. K. Boyd) 


Stainless Steels 


The behavior of various structural materials 
including types 304 and 410 stainless steel, low- 
alloy steels AISI 1020 and 4130, aluminum, and 
magnesium in an organic-moderated and -cooled 
reactor has been studied at Atomics Interna- 
tional. The test conditions consisted of an 
eight-month exposure at 600°F in polyphenyl 
under integrated fluxes of the order of 9 x 10'° 
nvt thermal and 2.8 x 10”° nvt fast. The corro- 
sion behavior of the stainless steels, low-alloy 
steels, and aluminum under the above conditions 
was considered good to excellent. On the other 
hand, magnesium pitted and is not considered 
completely satisfactory. No evidence was found 
of stress-corrosion cracking or accelerated at- 
tack of bimetallic couples. (W. K. Boyd) 


Corrosion of lron-base Alloys 


A recent Knolls report’ correlated the re- 
sults of several tests relating to the behavior of 
stressed, chromium-plated AISI 410 stainless 
steel. Under certain high-temperature water 
environments, AISI 410 is susceptible to stress- 
corrosion failure, particularly when tempered at 
temperatures below 1125°F, The results of pro- 
tection from stress-corrosion failure by chro- 
mium plating have been sporadic. In some 


- Cases, results have been excellent, with no fail- 


ure resulting in susceptible material under en- 
vironments amenable to stress-corrosion fail- 
ure, Conversely, failures have occurred in 
plated AISI 410 stainless steel where, normally, 
the base material would have been resistant. 
From this, it was concluded that, with an ade- 
quate (crack or pore free) coating, protection 
will be complete. However, in the event of a 
defective coating, corrosive effects are magni- 
fied drastically, resulting in premature failure 
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because of the unfavorable anodic area effect. 
The coupling of chromium-plated AISI 410 stain- 
less steel to a cobalt-base alloy results in 
galvanic corrosion that rapidly destroys the 
chromium plate and the underlying base metal. 
Because of the apparent inability to control 
plating processes perfectly, it has been recom- 
mended that chromium plating not be used on 
parts that are susceptible to stress corrosion. 
The complexity of the factors involved suggests 
that any use of coatings should be explored ex- 
perimentally to determine the behavior of the 
coating-base system in the anticipated environ- 
ment. (E. S, Bartlett) 


Oxidation of Nickel-base Alloys 


French workers" studied the air oxidation of 
two alloys, Hastelloy X (48 wt.% nickel —21 wt.% 
chromium—17 wt.% iron—8 wt.% molybdenum — 
0.25 wt.% titanium) and Nicral D (nominally, 
25 wt.% chromium-—20 wt.% nickel—1.5 wt.% 
silicon—balance iron), at 1650 and 2000°F. At 
1650°F, both alloys oxidize at about the same 
rate; but, at 2000°F, Hastelloy X is superior, 
on the basis of weight-change measurements. 
Nicral D is oxidized intergranularly at the 
higher temperature, whereas Hastelloy X does 
not show this tendency. Internal oxidation was 
observed in both alloys at 2000°F. 

(E. S. Bartlett) 


Attack of Magnesium and Aluminum Alloys 


A study of the erosion of magnesium—8 wt.% 
aluminum alloy at Savannah River” showed this 
material to be attacked at the rate of 0.1 in./ 
year in 104°F water flowing at 20 ft/sec. The 
rate of erosion was several times higher for 
specimens with lower concentrations of alumi- 
num. 


An interesting observation on magnesium 
rods, clad with Zircaloy-2, in steam environ- 
ments has been made at Hanford.’® Two clad 
magnesium rods, one with a 0.012-in.-diameter 
defect and the other with a 0.500-in.-diameter 
defect, were exposed to superheated steam. 
Corrosion at the smaller defect was very slight 
after exposure for 24 hr to 660°F steam. The 
larger defect, when exposed for 20 minto570°F 
steam, resulted in a 100-mil metal loss in the 
magnesium base. 


Additional Hanford experiments were designed 
to study possible spontaneous ignition of clad 
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Corrosion 


Niobium 


At 550°C all niobium-zirconium alloys investi- 
gated at the University of Florida’ showed 
parabolic oxidation rates, but at 900°C the re- 
action rate tended to be linear, At 1090°C the 
reactions followed the relation W” = kt, with n 
ranging from 2 (parabolic) for niobium-rich al- 
loys to 3 (cubic) for zirconium-rich alloys. 

In work conducted at Thompson Products, 
Hiltz? observed that NbO was formed, in addi- 
tion to Nb,O;, on oxidation of several improved 
niobium binary alloys for 24 hr at 1000°C. All 
additions that improved the oxidation behavior 
fulfilled at least two of the following conditions: 

1. An ionic size similar to that of Nb* 

2. A +3 valence state 

3. The formation of a second oxide phase 
during oxidation 


Battelle*> is continuing its investigation of 
hot water and steam corrosion of niobium and 
niobium alloys. On the basis of cross section, 
corrosion resistance, and 1200°F mechanical 
properties, the most attractive alloy is niobium — 
12 at.% vanadium. Ternary additions of up to 
2.5 at.% of titanium, molybdenum, iron, chro- 
mium, aluminum, or nickel do not improve the 
corrosion resistance of this alloy. 

The reaction of niobium with 1 atm nitrogen 
is under further study at Battelle.‘ At 300 to 
600°C the reaction follows the logarithmic rate 
law, whereas at 675 to 1600°C the reaction rate 
is parabolic. (W. D. Klopp) 


Zirconium 


The fretting corrosion of Zircaloy-2 in air, 
oxygen, and high-temperature water has been 
the subject of considerable study at Bettis.° In 
general, it was found that fretting weight losses 
between Zircaloy-2 surfaces were significantly 
less than those obtained for mild-steel surfaces 
under similar conditions. On the other hand, 
Zircaloy-2 tested against stainless steel in air 
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or oxygen evinced fretting losses of the order 
of 10 times those for Zircaloy-to-Zircaloy 
contacts. This fretting between the Zircaloy— 
stainless steel couples was considerably less in 
the water tests. Indications are that the thin 
oxide films formed on Zircaloy-2 in water help 
to reduce fretting under light loads and rela- 
tively small surface velocities. However, any 
condition that tends to disrupt this film may 
greatly increase fretting. 


The oxidation kinetics of a series of alloys of 
zirconium containing 1, 2, and 4 at.% of alumi- 
num, beryllium, carbon, copper, chromium, co- 
balt, hafnium, iron, lead, molybdenum, nickel, 
niobium, platinum, silicon, tantalum, tin, ti- 
tanium, tungsten, uranium, and vanadium have 
been investigated at Argonne.’ The initial rates 
of oxidation of alloys containing those additives 
which are soluble in alpha zirconium could be 
interpreted in terms of the Wagner-Hauffe the- 
ory of alloy oxidation. For these alloys, it was 
postulated that the oxidation product consisted 
of a single phase and that the oxidation number 
of the additive element in the oxide affects the 
concentration of anion vacancies, which is di- 
rectly related to the oxidation rate. This fol- 
lowed since the oxidation proceeded by anion 
diffusion through vacancies in the oxide lattice. 
In the case of additives insoluble in alpha zirco- 
nium, it was thought that the oxidation produced 
agglomerates of the alloying metal oxide which 
tend to remain as a separate oxide phase, For 
these alloys the Wagner-Hauffe theory did not 
apply. 

It is suggested that the breakaway phenomenon 
may be predicted by the rule that a breakaway 
will occur when the ionic radius of the additive 
element in the oxide differs by 15 per cent or 
more from the ionic radius of zirconium. This 
rule was followed by all seven of the alloys that 
obeyed the Wagner-Hauffe theory. Although the 
factors causing breakaway are probably different 
for the insoluble- and soluble-additive systems, 
the rule also was followed by 10 of the 13 in- 
soluble additives. (W. K. Boyd) 
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Aluminum 


Preliminary out-of-reactor data, obtained at 
Hanford,’ indicates that the corrosion rate of 
the X-8001 aluminum alloy at 300°C in pH—4.5 
water adjusted with HNO, is considerably higher 
than that in water of similar pH adjusted with 
H,PO,. After 642 hr of exposure, the rates were 
0.48 and 0.06 mil per month for the HNO, and 
H;PO, water, respectively. On the other hand, 
corrosion rates of type 304 stainless steel were 
similar, regardless of whether the pH was ad- 
justed with HNO, or H,PO,. (W. K. Boyd) 


Stainless Steels 


The behavior of various structural materials 
including types 304 and 410 stainless steel, low- 
alloy steels AISI 1020 and 4130, aluminum, and 
magnesium in an organic-moderated and -cooled 
reactor has been studied at Atomics Interna- 
tional.® The test conditions consisted of an 
eight-month exposure at 600°F in polyphenyl 
under integrated fluxes of the order of 9 x 10’° 
nvt thermal and 2.8 x 10” nvt fast. The corro- 
sion behavior of the stainless steels, low-alloy 
steels, and aluminum under the above conditions 
was considered good to excellent. On the other 
hand, magnesium pitted and is not considered 
completely satisfactory. No evidence was found 
of stress-corrosion cracking or accelerated at- 
tack of bimetallic couples. (W. K. Boyd) 


Corrosion of lron-base Alloys 


A recent Knolls report’ correlated the re- 
sults of several tests relating to the behavior of 
stressed, chromium-plated AISI 410 stainless 
steel. Under certain high-temperature water 
environments, AISI 410 is susceptible to stress- 
corrosion failure, particularly when tempered at 
temperatures below 1125°F, The results of pro- 
tection from stress-corrosion failure by chro- 
mium plating have been sporadic. In some 
cases, results have been excellent, with no fail- 
ure resulting in susceptible material under en- 
vironments amenable to stress-corrosion fail- 
ure. Conversely, failures have occurred in 
plated AISI 410 stainless steel where, normally, 
the base material would have been resistant. 
From this, it was concluded that, with an ade- 
quate (crack or pore free) coating, protection 
will be complete. However, in the event of a 
defective coating, corrosive effects are magni- 
fied drastically, resulting in premature failure 
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because of the unfavorable anodic area effect. 
The coupling of chromium-plated AISI 410 stain- 
less steel to a cobalt-base alloy results in 
galvanic corrosion that rapidly destroys the 
chromium plate and the underlying base metal. 
Because of the apparent inability to control 
plating processes perfectly, it has been recom- 
mended that chromium plating not be used on 
parts that are susceptible to stress corrosion. 
The complexity of the factors involved suggests 
that any use of coatings should be explored ex- 
perimentally to determine the behavior of the 
coating-base system in the anticipated environ- 
ment. (E. S, Bartlett) 


Oxidation of Nickel-base Alloys 


French workers" studied the air oxidation of 
two alloys, Hastelloy X (48 wt.% nickel —21 wt.% 
chromium—17 wt.% iron—8 wt.% molybdenum — 
0.25 wt.% titanium) and Nicral D (nominally, 
25 wt.% chromium—20 wt.% nickel—1.5 wt.% 
silicon—balance iron), at 1650 and 2000°F. At 
1650°F, both alloys oxidize at about the same 
rate; but, at 2000°F, Hastelloy X is superior, 
on the basis of weight-change measurements. 
Nicral D is oxidized intergranularly at the 
higher temperature, whereas Hastelloy X does 
not show this tendency. Internal oxidation was 
observed in both alloys at 2000°F. 

(E, 8S. Bartlett) 


Attack of Magnesium and Aluminum Alloys 


A study of the erosion of magnesium—8 wt.% 
aluminum alloy at Savannah River” showed this 
material to be attacked at the rate of 0.1 in./ 
year in 104°F water flowing at 20 ft/sec. The 
rate of erosion was several times higher for 
specimens with lower concentrations of alumi- 
num. 


An interesting observation on magnesium 
rods, clad with Zircaloy-2, in steam environ- 
ments has been made at Hanford.’® Two clad 
magnesium rods, one with a 0.012-in.-diameter 
defect and the other with a 0.500-in.-diameter 
defect, were exposed to superheated steam. 
Corrosion at the smaller defect was very slight 
after exposure for 24 hr to 660°F steam. The 
larger defect, when exposed for 20 minto570°F 
steam, resulted in a 100-mil metal loss in the 
magnesium base, 


Additional Hanford experiments were designed 
to study possible spontaneous ignition of clad 





magnesium and aluminum in high-pressure 
steam. Rods coated with 10 mils of Zircaloy-2 
were resistance heated to the point of fusion of 
the cores in 750°F, 1000-psi steam in an auto- 
clave, Even after complete destruction of the 
Zircaloy-2 cladding by the molten core, auto- 
ignition was not observed with either aluminum 
or magnesium. At temperatures from 1200 to 
1300°F, it was observed that magnesium will 
destroy the protective quality of a 5- to 10-mil 
Zircaloy-2 cladding in less than 10 min by in- 
terdiffusion of the core and cladding. 

(E. S. Bartlett) 


Corrosion by Liquid Metals and Fused Salts 


Liquid-metal control rods are being consid- 
ered for the Liquid Metal Fueled Reactor Ex- 
periment (LMFRE-I). In the device envisioned, 
an annular space between two cylinders contains 
a liquid metal having a high-neutron-absorption 
cross section and a low melting point. The rise 
and fall of the liquid level, which is governed 
by positioning the inner cylinder (actually, a 
piston), is the feature that establishes reactor 
control. Basic in the materials problem is the 
standard requirement that corrosion be avoided; 
however, there is also the very unusual require- 
ment that the liquid metal cannot wet the con- 
tacting surfaces since adhering metal on these 
surfaces would affect the control characteris- 
tics. 


In another 1000-hr tilting-furnace corrosion- 
test series under LMFRE auspices, it was 
found’ that three special-purpose materials, 
molybdenum—0.5 wt.% titanium, tantalum, and 
beryllium, were unattacked by 975°F peak- 
temperature bismuth containing 1150 ppm ura- 
nium, 350 ppm magnesium, and 175 ppm zirco- 
nium; this is the reference composition for the 
LMFRE circulating fuel. For these particular 
experiments the container capsules were fabri- 
cated of Croloy-2',. 


The previous quarterly review in this series 
[Reactor Core Materials, 3(1): 35 (February 
1960)] reported that an Inconel pumping loop 
had been operated at Oak Ridge under the Molten 
Salt Reactor Program for over one year with a 
53 mole % NaF —46 mole % BeF,—1 mole % UF, 
salt mixture; attack in the system, which ran 
between the temperature limits 1300 to 1100°F, 
ranged from 18 to 38 mils. According to in- 
formation included in a recent progress report 
from Oak Ridge,'® it is now suspected that con- 
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tamination contributed to this extensive attack, 
This report also presents data for two INOR-8 
systems comparable with the above Inconel 
system. In one of these INOR systems, no attack 
was visible anywhere in the system. The other 
INOR-8 system featured graphite rods in con- 
tact with the salt and was operated primarily to 
provide data pertinent to the INOR 8 —graphite — 
salt system. In this case, light surface rough- 
ening and pitting occurred; however, no evidence 
of carburization could be found by metallo- 
graphic inspections. 


The Molten Salt Reactor Program studies 
of graphite in contact with molten salts were 
prompted by the advantage gained if an un- 
clad graphite moderator could be employed. 
The studies include compatibility tests such 
as the above, as well as permeability and 
carburization-effect studies. Diffusion coeffi- 
cients derived from experimental data indicate 
that a 50-mil-wall INOR-8 tube would have to 
be exposed for approximately 20 years in a 
1200°F graphite-sodium carburizing medium 
before the carbon content at the wall midpoint 
would reach 0.2 wt.%. Although this degree of 
carburization would be detrimental to room- 
temperature properties of the material, there 
is reason to believe that there wouldbe no seri- 
ous property deterioration in the 1250°F range 
of prime interest. Graphite permeability stud- 
ies showed that most of the grades tested (at 
1300°F, 100 hr, and 150 psig overpressure) 
failed to meet the specification that the bulk 
volume be permeated less than 0.5 per cent. 
One grade, GT-123, satisfied the requirement, 
exhibiting a permeability of 0.13 per cent in 
contact with a salt having the composition 67 
mole % LiF-18.5 mole % BeF,—14 mole % 
ThF,—0.5 mole % UF,. 


In a compilation'® of phase diagrams and as- 
sociated information obtained over the years 
from research at ORNL and other laboratories, 
a large fraction. is devoted to alkali metal — 
alkali metal halide and fluoride systems (so- 
dium, potassium, rubidium, and cesium), hy- 
droxide systems (mixtures of NaOH, LiOH, 
KOH, Ba(OH), and Sr(OH),, and RbOH), and 
fused-salt systems (fluorides andchlorides). In 
the latter group, there are 88 individual sys- 
tems, involving, for the most part, mixtures 
that have been prominent in fused-salt-reactor 
development programs. Fluorides such as NaF, 
LiF, KF, RbF, BeF,, ZrF,, UF,, and ThF, ap- 
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pear as constituents in a majority of the sys- 
tems described. (J. H. Stang) 


Zirconium-Water Reactions 


At Argonne'':'® the experimental program to 
determine rates of reaction of molten zirconium 
with water is continuing. The experimental 
method involves the rapid melting and disper- 
sion of zirconium wires in a water or steam 
environment by a surge current from a bank of 
condensers. 

In this work a system of equations has been 
developed to describe the process whereby hot 
spherical particles simultaneously react, un- 
dergo self-heating, and eventually cool to room 
temperature. The reaction at the surface was 
assumed to follow the parabolic rate law, previ- 
ously found by Battelle to apply approximately. 

An analog computer was used to solve the 
equations, and the solutions were compared with 
specific experimental results. Various values 
(constant for each simulated run) of the con- 
vective heat-transfer coefficient, surface emis- 
sivity, and reaction activation energy were 
checked to determine the “best” values. A con- 
vective heat-transfer coefficient of 92 Btu/(hr) 
(sq ft)(°F) and a surface emissivity of 1.00 
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Figure 5— Comparison of computed and experimental 

results for zirconium-water reaction by condenser- 

discharge method."® Experimental: O, 60-mil wire; 
, 30-mil wire. Computed: 


were found to be consistent with the experi- 
mental data. The heat-transfer coefficient is 
also consistent with standard correlations. 
Although the results with regard to activation 
energy are inconclusive (see Fig. 5), a minimum 
value of 28 kcal/mole is considered appropriate. 
However, the tentative rate constants are ap- 
proximately twice those previously reported by 
Battelle, as shown in Table IV-1, 
(A, W. Lemmon, Jr.) 


Table IV-1 COMPARISON OF REACTION RATE 
CONSTANTS" 


Parabolic rate 
E, constant 
kcal/mole g’*/(cm*)(sec) 


35 0.00029 
30 0.00033 
25 0.00035 
34* 0.00015* 


*Experimental results previously reported by 
Battelle. 


Radiation Effects in Nonfuel 
Materials 


Basic Studies 


Small-angle X-ray scattering (SAS) has been 
used for the investigation of local inhomogenei- 
ties in the electron density of a solid on a scale 
large in comparison with the average inter- 
atomic distances, as in studies of the size of 
submicroscopic particles and the clustering of 
atoms in solid solution, When applied, however, 
to fluctuations of lesser amplitude, such as de- 
fects in deformed or irradiated pure metals, 
the results are ambiguous because of the phe- 
nomenon of double Bragg reflection (DBR). The 
present status of SAS was summarized ina con- 
ference’*-** in which a number of authors 
demonstrated, with remarkable agreement, the 
existence of DBR and the conditions by which it 
may mask the weak SAS. These papers will not 
be reviewed individually; it is only important 
to note here that SAS can be used for the study 
of fine-scale lattice imperfections only under 
special conditions where parasitic DBR can be 
eliminated. Thus in polycrystalline or very dis- 
torted single-crystal specimens the detection of 
very weak SAS is uncertain. This uncertainty is 
borne out in the previously reported SAS experi- 
ments of Atkinson et al.”® on neutron-irradiated 
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copper. Another possibility is the elimination of 
the primary Bragg reflection by the use of ra- 
diation of wavelength greater than the Bragg 
“cutoff” wavelength of the specimen; this canbe 
accomplished by the method of cold-neutron 
scattering. Atkinson?’ described such measure- 
ments on deformed aluminum and copper, in 
which small but apparently significant SAS was 
found, equivalent to a dislocation density of the 
order of 10’ to.10'! per square centimeter, 
consistent with the values obtained by other 
methods. 

Corbett and Walker”® presented data on the 


energy dependence of recovery in electron- . 


irradiated high-purity copper, using resistance 
measurements, The shifts in population of the 
recovery stages J,-/; were measured as a 
function of bombarding electron energy. The 
total fraction of recovery in the first three sub- 
stages increased with decreasing energy at the 
expense of the higher temperature substages. 
These data were interpreted as additional con- 
firmation of the proposed model, previously 
reported, in which /,, Jp, and /, represent 
close-pair recovery and Jp and Jp; are due to 
free diffusion of radiation-induced interstitials. 


Thus at lower incident energies theinterstitials _ 


are simply not knocked as far into the lattice. 
Sosin and Brinkman*™ have studied the kinetics 
of recovery of cold-worked nickel and nickel 
irradiated with 1.25-Mev electrons at 90°K using 
resistivity measurements at liquid-helium tem- 
perature, They report the occurrence of re- 
covery stages near 100°C (Stage III) and 270°C 
(Stage IV) by a diffusion process following cold 
work; the defect sinks are believed to be dis- 
locations. Following irradiation, Stage III obeyed 
a second-order chemical-rate equation; but 
Stage IV was nearly absent. The activation en- 
ergy for Stage III was found to be about 1.05 ev 
for both irradiation and cold work, and it was 
concluded that the defect migrating in Stage III 
is an interstitial, and in Stage IV, a vacancy. 
Tucker and Webb,” using studies of electrical 
resistivity in electron-irradiated aluminum —2 
at.% copper alloy at —60°C, showed that mobile 
irradiation defects can enhance the low- 
temperature clustering of copper atoms. This 
“cold-hardening” process is of interest because 
it proceeds with an activation energy of 0.5 ev, 
whereas the activation energy for diffusion of 
copper in aluminum is 1.4 ev. Since electron 
irradiation introduces point defects (interstitials 
and vacancies) which are mobile in the tempera- 
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ture range —80 to —40°C, the present results 
are consistent with the vacancy mechanism of 
enhanced diffusion of copper in the alloy. 

Hanford” reported data on lattice expansion, 
X-ray line breadth, and hardness of commercial 
molybdenum irradiated at 35°C with fast-neutron 
exposures up to 1.2 x 10° nyt. The curve of 
lattice constant vs. exposure maximized near 
5 x 10'* nvt and showed a net decrease from the 
preirradiated value at 1.2 x 10°, Both the line 
breadth and hardness increased, the latter ap- 
proaching a limiting value. The results were 
interpreted as follows: interstitials are mobile 
at 35°C and, in initial stages, are trapped by 
impurity atoms (whose concentration is high in 
commercial molybdenum) and, to a lesser ex- 
tent, are annihilated at vacancy sites. For ex- 
posures above 10’* nvt the trapped interstitials 
are sites for growth of interstitial clusters, 
causing an increase in hardness and line breadth 
but a decrease in lattice constant. 

Bettis” reported measurement of fission- 
fragment recoil range in zirconium (containing 
492 ppm U*"*), obtaining the values 10.1 and8.15 
u, respectively, for heavy (M~138) and light 
(M ~ 96) masses. 

Annealing kinetics of irradiated aluminum 
and copper exposed to fast neutrons below 50°K 
are reported by Oak Ridge.** The present work 
was undertaken to explain the apparent anomaly 
in earlier finding of an annealing peak at 30 to 
50°K, in which only one-half the defects an- 
nealed out; this observation is difficult to ex- 
plain on the basis of the single mechanism of 
close-pair annihilation. Blewitt found that an- 
nealing occurred at temperatures as low as 
7.2°K and that the activation energy for recovery 
increased monotonically with temperature. The 
discrete steps found by Corbett and Walker’ 
for electron-irradiated copper were not ap- 
parent here. It is difficult to apply the theory of 
close-pair recovery (with a discrete activation 
energy). Finally, the magnitude of the energy 
led to the conclusion that the activation energy 
is a spectrum. Data were also obtained on zinc, 
silver, and platinum, which were similar to 
those for copper and aluminum. The stored en- 
ergy of irradiated copper was redetermined as 
0.19 cal/mole for 4 x 10" nvt, confirming ear- , 
lier data. 

Also described are resistivity studies™ of a 
series of fast-neutron-irradiated alloys ex- 
posed at 40°C: (1) copper—15 at.% aluminum, a 
terminal solid-solution alloy; (2) nickel —15 at.% 

















beryllium, a substitutional precipitation alloy; 
and (3) nickel—28 at.% copper, a continuous 
solid-solution alloy. In the first alloy, a de- 
crease in resistance with irradiation was found, 
as previously reported, but with an accompany- 
ing decrease in specific volume. This suggests 
that irradiation tends to eliminate a metastabie 
condition in the alloy. In the second alloy, no 
significant change in resistivity, hardness, or 
Curie temperature occurred during aging of al- 
loys, nor was re-solution observed. However, 
irradiation prior to aging enhanced the initial 
precipitation, probably due to increased nuclea- 
tion. For the third alloy, irradiation produced 
an increase in Curie temperature and a de- 
crease in resistivity consistent with removal of 
copper from solid solution, and evidence of en- 
hanced diffusion approaching the equilibrium 
state of segregation of copper. 

Oak Ridge’® attempted to investigate the 
mechanism of the effect of radiation on the 
gaseous oxidation of niobium (380 to 450°C for 
1 to 6 hr at ~10" nv) and zirconium (450 to 
500°C for 2 hr). Electron and light microscopi- 
cal studies revealed no differences between ir- 
radiated and control samples in the time to 
initiate blister cracks, in the blister density, 
and in the rate of film growth. However, calcu- 
lations indicate that a flux of 10" to 10" nv 
would be needed to change the oxidation rate 
significantly as a result of an increase indefect 
concentration. 

The ionization produced in diamond by pas- 
sage of fast electrons was investigated by 
Kennedy,”® who found the mean energy per ion 
pair to be 20 ev, independent of the energy of 
the primary electron. This value is higher than 
a previously accepted value (10 ev). A theoryis 
proposed, involving degradation of the primary 
energy by interaction with valence electrons of 
the crystal, in which the mean energy per ion 
depends not only on the width of the forbidden 
gap (about 5.6 ev from the optical absorption 
limit) but also on the position of the maximum 
in the density of states curve within the valence 
band (about 10 ev below top of band); adding 2 ev 
for the mean value of secondary-electron en- 
ergy, the mean energy is about 18 ev, in good 
agreement with the observation. 

Gilman,** by microscopical examination of 
etched lithium fluoride crystals subjected to 
short stress pulses, has presented evidence that 
various heterogeneities can induce nucleation of 
dislocations: (1) cleavage steps, (2) dislocation 
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loops, (3) glide bands, (4) inclusions, and 
(5) radiation-induced precipitates. From these 
observations it is concluded that relatively little 
dislocation multiplication results from classical 
Frank-Read sources; instead, multiplication 
occurs during motion of a prior dislocation 
through a crystal. 

Howard and Smoluchowski*’ have considered 
the mechanism of formation of interstitials in 
alkali halides by ionizing radiation; specifically, 
halogen-ion interstitials, for whose presence ex- 
perimental evidence was recently obtained. The 
Varley mechanism of production of multiply- 
ionized halogen ions was evaluated from the 
point of view of lifetime, activation energy of 
motion among interstitial sites, and stability. 


A theoretical paper on focusing collisions in 
a displacement spike in a face-centered-cubic 
lattice was given by Leibfried,” in an attempt 
to explain the experimentally found long range 
of the cascade from the primary knock-on, He 
used the model of Silsbee, with results showing 
that the range should be determined by focusing 
collisions without interstitial transport rather 
than by crowdion collisions. 


A review of the effects of irradiation on 
metals is given by Seitz.®® Piercy has pre- 
sented results of the effect of fast-neutron ir- 
radiation of superpurity aluminum-magnesium 
alloys (0.001 to 2.8 wt.% magnesium) on the 
tensile properties. Recovery of the elastic limit 
of superpurity aluminum occurred in two steps: 
(1) near 120°C, with an activation energy of 0.9 
ev and (2) at 160°C, requiring 1.7 ev; for the al- 
loys, only one stage was observed at 200°C, 
with an activation energy of 2.4 ev. These re- 
sults are interpreted as being due to agglomera- 
tion of magnesium-vacancy pairs forming stack- 
ing faults. 

Nickel foil, fast-neutron irradiated to an inte- 
grated flux of 10'*, was deformed about 2 per 
cent and examined by transmission in the elec- 
tron microscope.‘! The photographs showed tan- 
gles of dislocations and loops, interpreted as 
being the result of interaction of dislocations 
with irradiation-produced vacancy clusters. 

Wittels and Sherrill* show, on the hasis of 
X-ray-diffraction data, that, contrary to their 
earlier results, monoclinic ZrO, is stable under 
fast-neutron bombardment. The observed 
change to cubic ZrO,, previously reported, is 
due to a fission-fragment spike mechanism from 
fissile impurities. (C. M. Schwartz) 
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Effects of Irradiation 
on Mechanical Properties 


The effect of neutron irradiation on the Charpy 
V-notch impact properties of steels is being in- 
vestigated at Oak Ridge.** Eight steels (ASTM 
A-200 T, A-212 B, A-285 A, A-301 B, A-302 B, 
Swedish 2112, Corriloy T-1, and high-purity 
iron—0.18 carbon) were irradiated at doses 
up to 1x 10*° neutrons(>1 Mev)/cm* at tem- 
peratures of 175 to 330°F. All these steels 
showed similar rises in impact transition tem- 
perature and decreases in ductile-energy ab- 
sorption. Figure 6 indicates that the transition- 
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Figure 6—Effect of fast-neutron irradiation on 
Charpy-V impact transition temperatures of several 
steels.*4 


temperature increase is highly dependent on the 
logarithm of the dose, provided it is above 


about 10" neutrons(>1 Mev)/cm?. The results, 


Table IV-2 
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with two exceptions, fall in a narrow scatter 
band. Item 60 represents the Corriloy T-1 high- 
strength steel, and item 111 represents the 
vacuum-melted high-purity iron-carbon alloy. 
At 7x10" neutrons(>1 Mev)/cm’ the latter 
showed a smaller increase in transition tem- 
perature thandidthe commercial steels. There- 
fore, it appears that metal purity has a con- 
siderable effect on the response to irradiation 
and that there is hope of improving properties 
of irradiated steels by control of alloy composi- 
tion. The shift in transition temperature for 
many of the steels measured by subsize Izod 
impact tests is somewhat different from the 
Charpy data of Fig. 6. Subsize Izod data indi- 
cate a slightly greater increase at about2 x 10” 
and a smaller increase as 1 x 10*° neutrons 
(>1 Mev)/cm*. The decrease in shape is at- 
tributed to the large geometry differences be- 
tween the two types of specimens. A plot simi- 
lar to Fig. 6 is obtained for the drop in energy 
absorption above the transition temperature as 
a function of the dose. 

Work at Bettis“ indicates that the Charpy V- 
notch transition temperatures of various steels 
may be raised by as much as 200°F by irradia- 
tions of 2 to 4x 10" neutrons(>0.4 ev)/cm? at 
temperatures of 400 to 650°F. The results are 
listed in Table IV-2, It appears that for a given 
flux the higher irradiation temperature results 
in less damage. 

The effect of neutron irradiation on the 
mechanical properties of Zircaloy-2 has been 
investigated further. Du Pont‘ showed that the 
tensile strength, yield strength, and hardness 
were increased; the ductility was decreased; 
and the elastic modulus was unchanged after a 
dose of 2.7 x 10*° fast neutrons/cm? at a tem- 
perature under 100°C. (B. C. Allen) 
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Selected Mechanical Properties of 
Cladding and Structural Materials 


Zirconium and Zirconium Alloys 


The creep properties of reactor-grade zirco- 
nium have been determined by Japanese investi- 
gators** in 1000-hr creep tests at temperatures 
from 250 to 500°C. Stress levels investigated 
include 11,400, 17,100, 22,800, and 28,500 psi. 
All tests were conducted in an argon atmos- 
phere. The creep rates obtained were from 
8 x 10°-*%/hr to 34%/hr, depending on the stress 
and temperature employed. 

Studies have also been made in Japan** of the 
effect of aluminum, tin, and molybdenum addi- 
tions to zirconium. The influence of the alloying 
elements was evaluated on the basis of hot- 
hardness tests. Binary alloys were prepared by 
nonconsumable-electrode arc melting in an 
argon furnace, and the hot hardness was investi- 
gated. It was found that about 3.0 wt.% tin or 
4.0 wt.% molybdenum is needed to improve the 
strength of zirconium at elevated temperatures. 
A 2.0 wt.% aluminum addition hardens zirconium 
more than do the other addition elements in- 
vestigated. For temperatures less than 400°C, 
molybdenum is the best strengthener, whereas, 
for temperatures greater than 600°C, alumi- 
num is the most effective strengthener. Heat- 
treatment of these alloys has influenced hot- 
hardness values as follows: Alloys harden less 
when quenched from high alpha temperatures 
than when slow cooled from the same tempera- 
ture; however, they harden more when quenched 
from the beta temperature than when slow 
cooled. The hot-hardness of slow-cooled alloys 
decreases with increasing temperature; but, 
when the zirconium-molybdenum alloys are 
quenched from 900°C, they exhibit abnormal 
hardness values between 300 and 400°C. It ap- 
pears that these abnormal hardnesses are re- 
lated to precipitation of the w in the 8 phase, as 
reported by H. A. Robinson et al. 

(F, R. Shober) 


Zircaloy-2 


A summary of the results of work done at 
Hanford with respect to the effects of hydrogen 
on the tensile properties of Zircaioy-2 is pre- 
sented‘' for the temperature range from room 
temperature to 400°C. Hydrogen levels covered 
are from 10 to 5000 ppm. The ultimate tensile 
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strength, 0.2 per cent offset yield strength, total 
elongation, reduction of area, and proportional 
limit were determined as functions of test 
temperature. 


The ultimate strength was influenced only 
slightly by additions of hydrogen up to 1000 
ppm. Additions greater than 2000 ppm decreased 
the ultimate strength at room temperature but 
increased the high-temperature strength. The 
yield strength at room temperature was de- 
pressed by hydrogen concentrations less than 
2000 ppm. Increasing the hydrogen concentra- 
tion depressed the reduction-of-area values at 
all temperatures investigated, but it was more 
effective at lower temperatures. There was a 
complete loss of ductility at room temperature 
and 100°C for material containing 5000 ppm 
hydrogen. At 300 and 400°C there appeared to 
be no loss of ductility as measured by total 
elongation. It also appeared that changes in 
properties with temperature were more pro- 
nounced for Zircaloy-2 having hydrogen concen- 
trations of 2000 ppm or greater. 


A pressure-test evaluation of Zircaloy-2 
tubing was made by Bettis*® prior to the con- 
struction of the first PWR blanket. Test condi- 
tions included normal hydraulic loading, dy- 
namic hydraulic loading, cyclic (fatigue) loading, 
and creep loading. Evaluations were made as a 
function of fuel clearance, wall thickness, fabri- 
cation processes, crack-arrestor dimensions, 
and heat-treatment. The burst strengths were 
influenced significantly but not greatly by the 
fabrication process, rate of loading, and the 
presence of notches. Crack arrestors were not 
successful, and hydraulic shock resulting from 
failure was not serious. Fractures, in some in- 
stances, were extensive enough to allow whole 
fuel compacts to fall out of the rod and to allow 
the lips of the fracture to contact adjacent rods. 
The results were helpful in establishing speci- 
fications for dimensional tolerances, cold- work 
requirements, and processing schedules. 


Hydrostatic pressure tests were conducted at 
Hanford*® on Zircaloy-2 tubing to obtain design 
data for the NPR (New Production Reactor) and 
the PRTR (Plutonium Recycle Test Reactor). It 
was found that Zircaloy-2 tubes have a higher 
ultimate strength than was predicted on the 
basis of tensile data from Zircaloy-2 strip. 
Zircaloy-2 tubing in the fully annealed and in the 
as-extruded, 5 to 17.8 per cent cold-worked, 
condition fails in a ductile manner at 300°C 
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when internal pressure is applied. Examination 
of failures indicated a shear mode of fracture. 

In studies®®.5! of the strength and deflection 
characteristics of simulated square Zircaloy-2 
oxide fuel compartments, base-annealed 
Zircaloy-2 diaphragms 0,02 to 0.025 in, thick 
were loaded with argon gas pressure, and the 
center deflection was measured. Three types of 
data were obtained: (1) the cladding pressure- 
deflection characteristics in the elastic range 
and the pressure required to rupture a compart- 
ment, (2) the cladding creep at various pressure 
loadings at both room and reactor-operating 
temperature, and (3) the volume-deflection char- 
acteristics of the deformed cladding dome during 
plastic straining. 

The extent to which increasing amounts of cold 
work improve the creep properties of Zircaloy-2 
and the effects of recovery which occurs at test 
temperatures are being determined at Han- 
ford’ for 15, 25, and 45 per cent cold-worked 
Zircaloy-2. The 25 and 45 per cent cold-worked 
materials, being tested at 400°C at 13,000 and 
18,000 psi, respectively, show no indication of 
third-stage creep after 3000 hr. 

Similar studies are being performed at 
Battelle*-> on Zircaloy-2 sheet in both the an- 
nealed and cold-worked conditions (15 per cent) 
at temperatures of 290, 345, and 400°C. Tests 
are being conducted in vacuum for as long as 
15,000 hr. Results from tests on annealed ma- 
terial show that very little creep occurs at 290 
and 345°C, even at loads approaching the short- 
time rupture strength. A substantial strain is 
evident on loading (approximately 4 per cent), 
followed by a period of constant creep rate, 
0.0001%/hr. At 400°C the creep deformation 
becomes significant. Cold-worked Zircaloy-2 
exhibits considerably improved creep properties 
over those of the annealed material at all tem- 
peratures. For equivalent stresses the average 
creep rate of the cold-worked Zircaloy-2 is 
about one-tenth that of annealed material at 290, 
345, and 400°C. More creep deformation is ap- 
parent for Zircaloy-2 tested under cyclic tem- 
perature conditions than that for material at 
equivalent stresses in isothermal tests. The 
effect is more pronounced at 345°C andappears 
to be stress dependent at thistemperature. The 
effect of a 750° F steam atmosphere onthe creep 
properties of annealed Zircaloy-2 is also being 
investigated. 

Knolls workers™ have reviewed the creep data 
for Zircaloy-2 and have expressed its behavior 
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at temperatures from 800 to 1200°F in mathe- 
matical form. The equations take into account 
recovery and strain hardening, and otherwise 
conform to known behavior characteristics. 
They have been developed for use in machine 
calculations of swelling of dispersion fuels, re- 
lating temperature, fission-gas pressure, and 
relaxation characteristics of the matrix alloy. 
(F. R. Shober) 


Niobium 


As part of an evaluation of selected niobium- 
base alloys for service in pressurized-water 
reactors,*** Battelle workers measured the 
strengths of several alloys at 1200 and 1500°F. 
The tensile ductilities of alloys containing large 
ternary additions of vanadium and zirconium or 
titanium and chromium are quite low. Ternary 
alloys of lower alloy content show appreciable 
ductility and moderate strength at 1500°F. Of 
the binary alloys tested at 1500°F, the best 
combination of strength and ductility was ob- 
tained in the 1.6 at.% vanadium alloy. 

On the basis of experimental data on ultimate 
tensile strength, yield strength, elongation, and 
hardness for cast, forged, and recrystallized 
niobium, the Russians® found that all properties 
except elongation increase with oxygen content. 
The tensile properties of high-purity niobium 
were determined by the British over the tem- 
perature range —196 to 240°C. Yield points 
were observed at all temperatures. The tem- 
perature dependence of the yield stress was 
similar to that of other body-centered-cubic 
metals, and the niobium was ductile to —196°C. 
Results of some experiments on strain aging 
suggest that oxygen is responsible for the ob- 
served yielding and for the return of yield point 
on aging. (F. R. Shober) 


Stainless Steel and Other Alloys 


The yield strengths of types 304, 304L, 316, 
and 317 seamless stainless-steel tubing were 
determined by Bettis®-*® at various tempera- 
tures. The results are shown graphically in 
Fig. 7. The collapse properties of the tubing 
showed that 12-in. tubes tend to collapse more 
readily than 6-in. tubes. It would appear that 
the long-term collapse tests, 24 hr or greater, 
are more significant than the short-time tests 
for evaluating collapse strength oftubing. Seven 
type 347 seamless stainless-steel tubes, brazed 
for 4hr at 1875°F, were run 168 hr at 2500 psi 
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Figure 7— Yield strengths of several austenitic 
stainless steels. 


and 668°F without collapse. The effect of phos- 
phorus in the brazing alloy (nickel —9 wt.% phos- 
phorus) on the ductility of stainless-steel tubing 
was also investigated. The most severely af- 
fected tube still had about 15.7 per cent elonga- 
tion, as compared with approximately 35 per 
cent for control specimens. The tests indicate 
that the phosphorus diffusion lowers the ductility 
of stainless steels. 


The Charpy-V mid-energy transition tem- 
peratures of a series of iron-chromium alloys, 
containing up to 24.3 wt.% chromium, and of 
three series of iron-chromium-aluminum al- 
loys, containing up to 25 wt.% chromium and 6 
wt.% aluminum, have been determined at the 
Naval Research Laboratory” for several condi- 
tions of mechanical working and heat-treatment. 
The fracture mode below the transition tempera- 
ture was invariably transgranular. Transition 
temperatures of the iron-chromium alloys de- 
creased with increasing chromium content when 
the alloys had been quenched from 1650°F and 
increased with increasing chromium content 
when the alloys were slowly cooled from 1650 F. 
The effects are not readily explained by the 
known embrittling mechanisms: 885°F em- 
brittlement and sigma-phase embrittlement. 
Alloys containing about 0.5 wt.% aluminum had 
significantly lower transition temperatures than 
corresponding alloys without aluminum. Alloys 
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containing about 5 wt.% aluminum had higher 
transition temperatures than those without alu- 
minum. Manganese contents of up to 12.8 wt.'% 
appeared to have no beneficial effect on transi- 
tion temperatures of the iron-chromium- 
aluminum alloys, whereas titanium additions up 
to 1.92 wt.% raised the transition temperature. 


At Lewis Research Center™ the tensile prop- 
erties of commercial tungsten at 2500 to 4400 F 
have been measured. Test specimens were pre- 
pared from '-in.-diameter swaged rod. Al- 
though a decrease in ductility was noted for 
specimens tested above 2500 F, an appreciable 
amount of ductility still existed up to 4400°F. 
The ultimate tensile strengths at 3500, 4075, 
and 4400°F are 10,600, 6500, and 4400 psi, 
respectively. (F. R. Shober) 


Selected Metallurgical Aspects of 
Cladding and Structural Materials 


Aluminum -Silicon System 


The Naval Research Laboratory,*® working 
with the aluminum-silicon system, reports that 
aluminum and silicon form a simple eutectic 
(577.2°C, 12.7 wt.% silicon); however, this 
eutectic structure is abnormal. These investi- 
gations reveal that the dendritic form of pri- 
mary alpha phase is unaltered by changes in 
growth condition; however, the usual complex 
idiomorphic form of the silicon phase was trans- 
formed to the dendritic form when growth oc- 
curred in a supersaturated liquid. Eutectic 
silicon plates, which have been observed to 
grow from primary silicon particles, dominate 
the eutectic transformation and, by branching, 
restrict the growth of the eutectic alpha phase. 
This mode of solidification produces fine eutec- 
tic colonies in this abnormal eutectic structure. 

(J. A, DeMastry) 


lron-Chromium Alloys 


Russian investigators™ have performed elec- 
troconductivity, hardness, and microscopic 
analyses of the triangle sections of chromium- 
iron, manganese-nickel alloy system. They have 
established phase diagrams showing the dis- 
tribution of alpha, alpha + gamma, gamma, and 
sigma-phase areas in the iron angle ofthe cross 
section. (J. A. DeMastry) 
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Niobium Alloys 


Oak Ridge reports" on the results of a study 
of twinning and cleavage in niobium single crys- 
tals that were cut from ingots of electron-beam- 
melted niobium. At —196°C deformation twins 
were produced by both impact loading and slow 
compression. The twin plane is of the {112} 
family, and the twin direction is of the <111 
family. Only {100} cleavage occurs at —196°C. 
It is indicated that relief of stresses at the tips 
of twins in niobium takes place by slip rather 
than by kinking or crack formation. 


The United Kingdom" has published computed 
values of internal energy, constant-volume spe- 
cific heat, and linear expansion coefficient for 
niobium in the range from 60 to 1200°K, as 
shown in Table IV-3. (J. A. DeMastry) 


Table IV-3 SOME THERMAL PROPERTIES" OF 
NIOBIUM IN THE RANGE 60 TO 1200°K 





Linear 
Specific heat thermal- 
at constant expansion 
Temp., E ef C, aT, volume (C,), coefficient, 
°K cal/mole cal/(mole) (°K) 10-*/*K 
60 59.586 2.82 3.216 
100 208.96 4.43 5.075 
200 721.00 5.51 6.418 
300 1287.00 5.57 6.823 
400 1866.40 5.84 7.061 
500 2452.50 5.68 7.250 
600 3042.60 5.90 7.420 
700 3633.00 5.92 7.594 
800 4224.80 5.93 7.764 
900 4818.60 5.93 7.923 
1000 5413.00 5.93 8.089 
1100 6007.10 5.94 8.275 


1200 6600.00 5.94 8.449 








Vanadium-Chromium System 


Ames®™ reports that the vanadium-chromium 
alloy system consists of a series of complete 
solid solutions. A minimum was noted in the 
solidus at 70 wt.% chromium and 1750°C, andno 
intermediate phases were found at the tempera- 
tures investigated. Figure 8 is a plot of the 
hardness of vanadium-chromium alloys. 

(J. A. DeMastry) 


Yttrium 


General Electric has presented phase dia- 
grams for the systems yttrium-chromium, 
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Figure 8—Hardness vs. composition for vanadium- 
chromium alloys.® 
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yttrium-iron, and yttrium-nickel. These are 
shown in Figs. 9 to 11, respectively. 


The solid solubility of yttrium in iron—20 to 
40 wt.% chromium alloys was found by Battelle 
workers® to be extremely small. Maximum 
solubility occurs near the solidus temperature, 
1320°C, and is approximately 0.12 wt.% yttrium. 
However, yttrium solubility decreases rapidly 
with decreasing temperature, and at 600°C the 
solubility is below0.05 wt.% yttrium. Ingeneral, 
it is apparent that yttrium solubility increases 
slightly with chromium content, all other fac- 
tors being constant. 

The presence of YFe,; was established, and a 
eutectic between YFe; and iron was noted at 
1257°C. An intermetallic compound, believed to 
be YFe,, was found. 

The constitution of iron—20 to 40 wt.% 
chromium-yttrium alloys containing less than 
6 wt.% yttrium was studied between 1250 and 
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Figure 11— Tentative phase relations, yttrium-nickel system. 
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600°C. It was found that, when the solubility 
limit is exceeded, YFe,; is formed and occursin 
conjunction with alpha iron-chromium. At about 
900°C and above 815°C, if more than 6 wt.% 
yttrium is present in the iron—35 wt.% chro- 
mium alloy and more than 3 wt.% yttrium is 
‘present in the iron—40 wt.% chromium alloy, 
YFe, forms to give athree-phase field of alpha + 
YFe; + YFe,. The upper yttrium limit of this 
phase field was not determined. At 815°C, 
sigma phase forms in the iron-chromium sys- 
tem and comes into equilibrium with YFe;. 


Other work at Battelle® was concerned with 
the solubility of yttrium andthe lanthanide rare- 
earth elements in chromium and chromium -—10, 
—25, —50, and —75 wt.% iron. The solubility 
limits were estimated to be 0.1 wt.% or less in 
the base alloy at room temperature and 2300°F. 
Dysprosium, erbium, and holmium exhibited 
solubility limits estimated to be between0.1 and 
0.3 wt.%. 


General Electric personnel® have reported 
work done on rare-earth additions to ferrous 
and nonferrous alloys. They state that, although 
there is Only slight solubility of the rare earths 
in the iron-chromium system, the rare earths 
have large effects on iron-chromium alloys. 
These effects are probably due to scavenging 
effects on impurities. AISI type 446 stainless 
steel has good oxidation resistance at 2000°F. 
The addition of 1 wt.% yttrium to this alloy al- 
lows the operating temperature to be raised to 
' 2500°F. The iron-25 wt.% chromium-—5 wt.% 
aluminum alloy has good oxidation resistance 
at 2300°F but becomes coarse grained. The 
substitution of 1 wt.% yttrium for the 5 wt.% 
aluminum gives equai oxidation resistance at 
2300°F, and the alloy retains a fine-grain 
structure. 


Yttrium added to austenitic stainless steels . 


has no effect except in the high chromium stain- 
less steels. 


Chromium absorbs nitrogen at temperatures 
above red heat and is embrittled. The additions 
of rare earths limit the nitrogen absorption by 
forming an oxide that is not readily penetrated 
by nitrogen..The effects of rare-earth additions 
on nitrogen absorption in chromium are shown 
in Table IV-4, 

Approximately 1 wt.% addition of yttrium to 
vanadium allows production of ingots that are 
readily fabricable. The yttrium acts as a scav- 
enger for oxygen. (J. A. DeMastry) 
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Table IV-4- EFFECT OF RARE-EARTH ADDITIONS® 
TO CHROMIUM 


(Data Were Taken At 2300°F for 100 Hr) 





Rare As- 











Rare earth cast N, 

earth ana- hard- absorp- 

added, lyzed, ness, Weight gain, tion, 

wt.% wt.% Ra mg/(sq in.)(100 hr) ppm 
Unal- 

loyed Cr 0 39 185 16,500 
1 La 37 22 2,400 
2 La 35 55 1,820 
4 La 36 88 1,850 
0.5 Ce 42 30 220 
2 Ce 36 30 170 
0.5 Pr 0.03 - 39 15 650 
1 Pr 39 15 
2 Pr 1.71 42 8 30 
4 Pr 41 38 
0.5 Nd 0.11 38 15 1,170 
2 Nd 0.75 40 8 280 
1 Sm 0.01 42 22 1,170 
2 Sm 0.02 41 20 1,040 
5 Sm 0.02 42 22 1,112 
0.5 Gd 0.50 38 15 430 
2 Gd 1.85 41 8 230 
0.5 Dy 0.11 41 66 1,090 
1 Dy 40 37 
2 Dy 0.75 41 15 1,170 
4 Dy 40 8 
6 Dy 1.95 42 22 1,480 
1 Ho 0.45 40 24 580 
2 Ho 1.26 40 15 150 
0.5 Er 0.03 41 30 1,250 
2 Er 1.22 42 12 300 
5 Er 3.38 41 8 60 
1 Tm 0.12 40 140 850 
2 Tm 0.16 42 90 1,990 
2 Yb 0.03 43 45 900 
1 Lu 39 9 900 
0.5 Y 39 15 110 
1Y 0.66 39 8 160 

Zirconium 


Atomics International® has reported that, if 
a thermal gradient exists in zirconium and the 
over-all hydrogen concentration exceeds 4 
10~* atom of hydrogen per atom of zirconium, 
then a weaker phase zirconium hydride will 
form at the cooler parts of the zirconium com- 
ponent. 

Nuclear Metals” has experienced diffusion of 
copper from copper extrusion jackets into 
Zircaloy-2. The jacket extrusion billets were 
soaked at 800°C for 30 min prior to extrusion. 
During this soaking a copper-zirconium interac- 
tion layer about */ mil thick was formed. Copper 
had diffused inward from this layer, and suc- 
cessive layers of metal were etched away to de- 
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termine the depth of penetration. The copper 
content decreased with each etching until the 
original Zircaloy-2 content of 33 ppm was 
reached at 4'/, mils below the surface. 

Hanford® is working on the recovery kinetics 
of zirconium. Analyses of data revealed that 
there is considerable softening before recrys- 
tallization begins and that this “work softening” 
is at least a three-step process. When recrys- 
tallization finally begins, it is by a nucleation 
and growth mechanism. This microstructural 
change is accompanied by further softening 
and is characterized by a variable activation en- 
ergy. An equation to express the rate of re- 
covery in terms of per cent recovery at any 
time is given. (J. A. DeMastry) 


Zirconium Alloys 


The differences® in free energy between the 
body-centered-cubic (bcc) and the hexagonal 
close-packed (hcp) modifications of titanium 
and zirconium have been calculated between 0 
and 2000°K by using existing thermodynamic 
data. These results have been employed to in- 
vestigate the energetics of the bcc = hcp reac- 
tion in the titanium-zirconium system and in a 
series of titanium-base alloy systems. It is 
found that the chemical driving force for mar- 
tensitic bcc =hcp reactions in these systems 
is about 50 cal/mole. 


Oak Ridge" reports on the aging transforma- 
tion of zirconium-niobium alloys. The work was 
performed on zirconium-niobium single crystals 
aged at temperatures to 600°C. The results ob- 
tained are shown below. 


Phase Transitions. (1) Successive aging of an 
as-quenched 15 wt.% niobium crystal at 250, 
400, and 500°C partially transformed the re- 
tained body-centered-cubic beta phase to a 
metastable omega lattice, which then reverted 
to virtually the as-quenched condition. (2) Criti- 
cal temperature for reversion ofthis alloy com- 
position was located between 400 and 500°C. 


Results of Examination of Room-temperature 
Diffraction Patterns at Various Stages of These 
Aging Treatments (400, 500, 600°C). (1) A 
crystal aged 360 hr at 400°C showed only dif- 
fractions of the four omega lattice orientations 
obtainable from an original beta grain andthose 
of a niobium-enriched residual beta lattice. 
(2) An as-quenched crystal, aged a total of 96 hr 
at 500°C, passed through two distinct transition 
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stages. The first, anomega formation, occurred 
in the first hour of aging. The second stage was 
a discontinuous precipitation of hexagonal alpha 
and niobium-rich beta phases from a beta 
matrix. (3) A crystal aged 524 hr at 600°C gave 
diffractions characteristic of a continuous, ori- 
ented precipitate of the hexagonal alpha phase 
from a beta matrix. (4) The most significant 
effect of in-pile irradiation to 10°! nvt at 85°C 
is to accelerate the formation of omega. 


Aging of Beta-quenched 25 and 33 Wt.% Nio- 
bium Crystals at 325 and 425°C. (1) Omega 
precipitation in the 25 wt.% alloy, first observed 
after 168 hr at 250°C, proceeds at 325°C with a 
gradual niobium enrichment of the residual beta 
phase. Re-aging at 425°C produces a partial 
reversion, which is not complete after 20 hr. 
(2) Omega precipitation in the 33 wt.% niobium 
alloy is first observed after aging 48 hr at 
325°C. (J. A. DeMastry) 


Diffusion Studies 


Results concerning research on the absorp- 
tion of noncollimated radiation in the experi- 
mental measurement of diffusion by tracer tech- 
nique were reported by Princeton University.” 
In addition, results of investigation of oxides 
and the effect of pores and cracks onthe kinetics 
of oxidation, as well as the role of defects in 
oxide and sulfide crystals on conductivity, diffu- 
sion, and scale growth, were presented. The 
variation of self-diffusivity in the Curie point of 
alpha iron was determined at 980 to 1167°K, 
using the Fe” tracer. Data on the iron-nickel- 
oxygen equilibria and the course of oxidation 
reaction of iron-nickel alloys are given, in ad- 
dition to data on the metal sulfide equilibria for 
PbS-Pb, WS,-W, and Rh,S;-Rh systems. A brief 
account of work in progress is also included, 
along with references, equipment diagrams, and 
graphs. 

A paper written by the French" deals with 
different methods in use at present for studying 
both general self-diffusion and intergranular 
self-diffusion with the use of radioactive iso- 
topes. The various absorption methods for 
studying general self-diffusion are examined, 
each one being illustrated by a specific exam- 
ple. The more limited methods for studying in- 
tergranular self-diffusion are also included. 

The self-diffusion coefficient of niobium was 
measured at Sylvania Electric’! over the tem- 
perature range 1535 to 2120°C, using the radio- 
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active isotope Nb*®* as the tracer. The data for 
the temperature dependence ofthe self-diffusion 
coefficient are best fitted by the equation D = 
(12.4 + 0.2) exp[(~105,000 + 3000)/R7] cm*/sec, 

The diffusion rates of aluminum, magnesium, 
silicon, and zirconium, alloyed as single addi- 
tives in nickel, were measured at the Bell Tele- 
phone Laboratories” at temperatures between 
800 and 970°C. The method consisted of meas- 
uring the weight gain caused by surface oxidation 
of the additive in a wet-hydrogen ambient. The 
surface oxides were identified by electron dif- 
fraction. The composite volume and grain- 
boundary diffusion coefficients are given by 


Da) ~~ Ni = 1.1 exp (—59,500/RT) 

Dmg ~ Ni = 2.3 x 107° exp (—31,300/RT) 
Dg; —. nj = 10.6 exp (—64,800/RT) 

Dzy -- nj = 1 x 107° exp (—26,700/RT) 


Photomicrographs indicated considerable grain- 
boundary diffusion, particularly in magnesium- 
nickel and zirconium-nickel. 


The results of an investigation ofthe diffusion 
of silicon in tantalum, titanium, iron, and molyb- 
denum are reported by the Russians."’ An equa- 
tion describing the relative change in weight of 
samples at a given temperature and saturation 
time is derived. The results of measurements 
of layer thicknesses, phase layers, and micro- 
hardness are tabulated. The activation energy 
and constants for the change of the diffusion 
coefficient with temperature are also tabulated. 

Work on the determination of Fe® and Fe? 
diffusion rates in copper and silver is continuing 
at the University of Mlinois." Difficulty in 
specimen preparation after radiochemical iso- 
tope separation is a major problem. Coeffi- 
cients are presented for diffusion in silver at 
793 to 945°C. The effects of pressure on the 
mobility of quenched vacancies in gold were 
studied by measuring the relative rates of ex- 
cess resistivity annealing at two or more tem- 
peratures. Measurements of the effects of pres- 
sure On stress relaxation in the oxygen-vanadium 
system were made, and data on relaxation time 
as a function of pressure in vanadium are tabu- 
lated. Construction of equipment and prelimi- 
nary measurements, at atmospheric pressure, 
on the effect of pressure on ionic conductivity in 
pure and doped alkali halides are reported. Pre- 
liminary measurements of anelastic relaxation 
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in silver-zinc were obtained in an investigation 
of the effect of plastic deformation on diffusion. 
Iron oxidation structures are reported for 
single-crystal whiskers; correlation of oxidation 
nuclei with dislocation structure is difficult, and 
a study is being directed toward oxidation while 
the crystal is under stress. Oxidation at grain 
boundaries was studied, as well as hydrogen 
reduction of the oxide. (M. A. Gedwill, Jr.) 
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Melting, Casting, Heat-Treatment, 
and Hot Working 


National Lead of Ohio (NLO), operator of the 
AEC’s Feed Materials Production Center, has 
recently completed a large plant-scale investi- 
gation of the effects of mold heating on vacuum- 
induction-melted ingot quality. It was noted that 
both process yields (per cent of fabricated 
slug weight to uranium charge weight) and 
good slug to total slug yields were increased, 
and the carbon and nitrogen contents were de- 
creased. However, the importance and effec- 
tiveness of mold heating in realizing these 
improvements depended upon the remelt cycle 
used (length of time cycle, power input, and 
induction-coil position).' Incidentally, this same 
mold heating has reduced the ingot mold life 
because of the failure of the MgO mold wash. 
Subsequently, a successful development of tech- 
niques to flame spray magnesium zirconate 
(MgZrO,) onto the interior surface of the ingot 
molds was concluded. Under heated-mold con- 
ditions, flame-sprayed molds had 2'/, times 
the life of molds coated with magnesia wash.’ 

A study of the factors affecting the soundness 
of NLO uranium ingots was made by Battelle,’ 
In a two-year study recently concluded and re- 
ported, a mathematical model that describes 
the heat flow during solidification was devised 
and solved utilizing a digital computer. Con- 
tributing to the studies were experiments that 
described accurately the temperatures at vari- 
ous locations within the solidifying ingot and 
other experiments that described the time of 
gap formation at the mold-metal interface. 
Analysis of the results of the mathematical 
model indicated (experimentally confirmed in 
the case of superheat) that variations in pour 
time, superheat, mold preheat, and outer- 
mold-wall emissivity had little effect on the 
formation of center-line voids for the size of 
mold and casting being used. The use of the 
mathematical model for a more complete evalu- 
ation of the existing casting parameters and 





the application of the analytical technique to 
other materials and casting processes are 
envisioned. 

In the continuing quest for metal quality im- 
provement, NLO has been studying the con- 
sumable-electrode vacuum arc melting of ura- 
nium and has evaluated the fuel slugs fabricated 
from the ingots produced.'.?, Vacuum-induction- 
melted reactor-grade uranium ingots were arc 
melted and recast to ingots 8'/, and 13'/, in. in 
diameter. Various fabrication procedures (roll- 
ing or alpha extrusion to 7 in. in diameter and 
extrusion or rolling to final rod fuel diameter) 
were used to reduce the ingots to fuel-slug rod 
stock which was then evaluated in terms of 
metal quality and process yields. The results 
were clouded by variations introduced by the 
undetermined starting metal quality, different 
ingot diameters, fabrication difficulties, and 
expediencies in the specific melting practices. 
However, arc-melted ingots, 8'/, in. in diame- 
ter, rolled to rod form, were of excellent 
quality, and slug yields were sufficiently high 
to justify the conclusion that the arc-melting 
technique could be used with no increase in slug 
cost. 

Nuclear Metals has applied an old art in a 
fresh approach to the fabrication of round, hol- 
low fuel slugs.‘ In this case a small-diameter 
central hole was formed in place in a Zircaloy- 
clad unalloyed fuel slug by melting and centri- 
fuging. Two advantages were sought for the 
product and the technique: 

1. The placement of a void at the center of a 
fuel element to accommodate fission gases 
formed during irradiation 

2. The use of the technique to effect the re- 
moval of fission gases in nondestructive fuel- 
element reprocessing 


From the test results, it was concluded that: 

1. The centrifuging method is feasible and 
practical for holes '/;, to '/;, in. in diameter. 

2. An axial hole in the end cap does not per- 
mit the escape of molten metal from the rotat- 
ing slug. These results would require checking 
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if large amounts of fission gases were being 
released, 

3. With Zircaloy as the cladding the re- 
processing step could be repeated a number of 
times since its solution is slow at the tempera- 
ture proposed. However, accelerated attack of 
the Zircaloy end caps was noted and would have 
to be corrected before repeated melting would 
be possible. 

4. With appropriate bearing support the 
method could be used for long rods. 

5. The creation of the hole from the volume 
created by stretching the cladding requires 
further study. The method as developed de- 
pends upon “built-in’’ voids near slug ends. 

6. Centrifugal force can be used to rid ura- 
nium of inclusions present in the liquid by their 
rejection to the center axis where they can be 
removed physically. 


Bettis also reported® on the results of studies 
of the properties of skull type arc-melted and 
cast Zircaloy-2 shapes. In these studies the 
properties of cast extension brackets were 
found to compare favorably with the properties 
of wrought and welded extension brackets. Close 
dimensional control was attained in that internal 
square-wall dimensions were held to within 
0.005 in. in 11 of 12 castings. Surface finishes 
of approximately 250 yin. rms were measured. 
The welding, corrosion, and strength proper- 
ties of the cast shapes were satisfactory when 
compared with reactor-grade Zircaloy-2 
wrought material. The grain size of the cast- 
ings was about ASTM No. 1, andthe grain struc- 
ture was transformed beta withthe usual amount 
of grain-boundary precipitate. 

The importance of melting practices in the 
preparation of nickel- and iron-base high- 
temperature alloys has been cited recently by a 
number of investigators. In particular, the ef- 
fect of impurities introduced with the charge, 
the reaction of alloying additions with the 
crucible, the type of crucible used, and the 
melting method were all found to be important 
in the properties of specific alloys. 

Decker et al.°:’ at the University of Michigan 
have studied variations caused by various melt- 
ing practices in the hot workability and creep- 
rupture properties of the 55 wt.% nickel —20 wt.% 
chromium—15 wt.% cobalt—4 wt.% molybde- 
num-—3 wt.% titanium—2 wt.% aluminum alloy. 
Most important in this work was the observa- 
tion that the pickup of boron and zirconium by 
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the alloy, resulting from reaction with the 
crucible during vacuum melting, improved the 
hot fabricability and creep-rupture properties. 
The species of impurity picked up by the alloy 
depended upon the type of crucible used, e.g., 
boron was picked up from magnesia crucibles 
found to contain boron compounds, and zirco- 
nium was found in alloys melted in zirconia 
crucibles. No improvement in properties of 
alloys melted in alumina was noted, and no 
pickup of boron or zirconium was detected. 

In deliberate additions the level of boron and 
zirconium was found to be more important than 
the method of melting (vacuum arc, vacuum 
induction, Or air induction), which explains 
some of the variance of results that has been 
reported in the literature on vacuum-melted 
materials. In fact, it was necessary to have 
small quantities of either boron or zirconium 
in the alloy before it exhibited properties 
thought to be characteristic. 

Vacuum melting did improve the fabrication 
qualities, as manifested by improved surface 
and reduced edge cracking, and gave more uni- 
form properties within heats. Creep rupture 
was lightly improved at low boron and zirco- 
nium contents in vacuum melts; but, at high 
levels of boron and zirconium, air heats were 
better. 

As would be expected, the method of melting 
also affected inclusion and impurity content, 
which in turn affected workability and creep- 
rupture properties. The opportunity for im- 
purities to separate also varied with melting 
method, being greater for the vacuum-melted 
material. 

Structurally the role of zirconium, boron, 
and zirconium combined with boron in im- 
proving creep-rupture properties was to retard 
deterioration of the structure at grain bound- 
aries. Optimum properties were realized by 
deliberate, simultaneous additions of both boron 
and zirconium, suggesting beneficial interaction 
effects. Excessive amounts were detrimental. 

The importance of melting practices was 
also cited by General Electric’ and Battelle.° 
In the preparation of iron-base alloys contain- 
ing yttrium by vacuum-induction melting at 
Battelle, the tendency of this alloy addition to 
react with the crucible and with impurities in 
the charge was most pronounced. Reaction 
with alumina crucibles was sufficient to limit 
the recovery of the yttrium addition to about 
50 per cent at temperatures in the 2900 to 
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3000°F range. Additions of sulfur as FeS and 
oxygen as FeO lowered the yttrium recovery. 
However, neither these nor other additions 
(carbon, up to 0.08 wt.%; manganese, 0.25 wt.%; 
and palladium, 1.0 wt.%) had significant effects 
on the fabrication (forging and rolling at 2000° F) 
of 1-lb ingots. The excellent fabrication qual- 
ities of the master alloy, containing 2 wt.% 
yttrium and made from high-purity material 
to which all impurity additions were made, 
suggest that other parameters, such as struc- 
ture, ingot size, and combinations of impuri- 
ties, may cause the troubles observed in pro- 
duction-size ingots. 

The effect of melting methods on the qualities 
of refractory metals and materials has been 
the subject of studies by Mallory-Sharon.'*'’ 
In melting beryllium, a duplex melting cycle 
(vacuum-arc melting followed by electron-beam 
melting) was used. It was found that the double 
melting reduced cracking and improved sound- 
ness and that the electron-beam melting method 
affected the ductility of the extruded and an- 
nealed sheet produced from the ingots. Longer 
melt holding times improved ductility, but it 
was still low by normal standards. Chromium 
content was reduced by electron-beam melting, 
but the improvement in ductility is not attrib- 
uted to this specificimpurity. Titanium carbide 
and zirconium diboride were both melted by 
the electron-beam method, but with little suc- 
cess because of titanium and boron losses at- 
tributed to their vapor pressures. Boron was 
also melted by electron beam, but it was still 
very brittle. 

Nuclear Metals has been conducting work 
over the past years relating to the extrusion of 
bare, large (2 to 3 in. in diameter, '; in. in 
wall thickness) uranium tubes. Their conclu- 
sions‘ are as follows: 

1. Satisfactory results are obtained in high- 
alpha (1100 to 1200°F) extrusion, whereas 
gamma extrusion gives poor dimensional toler- 
ances. 

2. To obtain acceptable surfaces on extruded 
tubes, a fine-grain structure should be present 
in the starting stock. This grain refinement 
can be obtained in a number of ways: alpha 
working by hammer forging, press forging, or 
preextrusion; or a triple beta-quench heat- 
treatment. 

3. Coating of the uranium is required to re- 
duce oxidation losses and to facilitate separation 
from extrusion dies. Of the materials tested, 
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molten salts cause surface gouges; iron, 30 to 
40 mils thick, causes striated surfaces; electro- 
plated copper, suitably applied to an 8- to 
10-mil thickness, gives satisfactory results. 

4. Postextrusion heat-treatment is required 
to obtain random orientation. High-alpha ex- 
truded tubes have pronounced (110) texture. 

5. Although the as-extruded tubes have di- 
mensional tolerances near specification, beta 
treating results in detrimental dimensional 
changes. 

6. Tube reducing can be used to form ex- 
truded tubes to very close dimensional toler- 
ances. However, on subsequent beta treatment, 
the detrimental dimensional changes are no 
less than those observed for as-extruded tubes. 

7. A satisfactory structure can be obtained 
by a beta treatment consisting of heating ver- 
tically in a salt bath, followed by an air quench, 


A promising lower-temperature (700° F) re- 
duction by extrusion of small-diameter heavier- 
wall tubes was accomplished at Bridgeport 
Brass Company." The as-extruded tubes had 
tolerances very near those desired, Metallo- 
graphic and X-ray diffraction examinations 
showed that the resulting structure was typically 
cold worked witha pronounced orientation. This 
orientation was completely removed by a single 
beta heat-treatment. 

The fabrication of heavy-walled uranium tubes 
on an Assel Mill (three work rolls impinge on 
a hollow billet containing a mandrel as it moves 
through the mill) was successfully demonstrated 
by NLO at the Westinghouse Electric Corpora- 
tion fabrication site at Bloomfield, N. J.’ Hol- 
low billets in the as-cast, beta-treated, and 
machined condition and in the as-extruded con- 
dition were subjected to reductions in area of 
from 44 to 63 per cent at temperatures of 950 
to 1200°F. In almost all cases the eccentricity 
of the starting pieces was reduced; and, in 
some cases, it was reduced by two-thirds. No 
cracks were visible after the initial reductions; 
inside surfaces were good, although the outside 
surfaces were of poor quality due to slippage of 
the mill and consequent local heating. Metal- 
lographic examinations revealed that some sec- 
tions of the tubes had recrystallized. 

It has been noted that the rapid quenching of 
uranium from the beta phase causes a preferred 
orientation in the resulting structure, the degree 
of preferred orientation varying with the ther- 
mal gradients present during the beta-to-alpha 
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transformation.'® Two heat-treatment studies 
have been in progress at NLO and Bridgeport 
Brass to study this phenomenon further. '7.'8 


The NLO study involved quenching media 
with varying cooling rates. Of particular in- 
terest was the use of oils with cooling rates 
intermediate between those of water and molten 
tin. Information from the limited program indi- 
cates that oil is a promising quenching medium. 


Bridgeport Brass has been engaged in a 
program of broader scope in that it sought to 
provide standard uranium macro and micro- 
structure data from which the uranium heating 
history could be determined. Jominy end-quench 
tests were used since they provide a variety of 
cooling rates through the end quenching. Al- 
though this specific end quench was not used 
for hardenability studies, it was very useful in 
obtaining a large amount of data from a small 
amount of material. Although the results fell 
short of the stated objective, they provided the 
basis for the following clarifying conclusions, 


1. The identification of phases and the inter- 
pretation of phase transformation remain dif- 
ficult, even ‘with metallographic standards as 
guides. 

2. Macrostructures provide a favorable guide 
to the origin of the quenched phase and the 
degree of quenching. 

3. Grain sizes provide some indication of the 
cooling conditions employed. 

4. Twinning concentrations in grain bound- 
aries are not conclusive in determining the 
origin of the quenched phase or the degree of 
quenching. 

5. Subgrains are more prevalent in beta- 
treated uranium than in gamma-treated ura- 
nium. 

6. Hardness profiles are of little assistance 
in interpretation of heat-treatment conditions. 

(E, L. Foster) 


Cladding 


Cladding by Rolling, Swaging, 
and Stretch Forming 


The fabrication of fuel elements by roll bond- 
ing, swaging, and stretch forming is being in- 
vestigated in an attempt to produce better fuel 
systems more economically. A marked de- 
crease in the emphasis on cladding by roll 
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bonding can be observed, with the shift in 
emphasis to UO, and high-strength fuels. 

An investigation has been initiated at Oak 
Ridge’® to evaluate rotary swaging as a tech- 
nique for producing dense UO, rods intimately 
clad With stainless steel. This process con- 
sists merely of pouring the UO, powder into a 
tube that is end capped and swaged to the de- 
sired reduction in cross-sectional area. The 
process, if feasible, would greatly decrease 
the cost involved in the conventional fabrica- 
tion of this type of element by cold pressing 
and sintering of UO, pellets which have to be 
carefully sized to fit into a stainless-steel 
sheath, 

Emphasis has been placed on a parametric 
study to determine the effects of the type of 
UO,, total reduction, swaging temperature, and 
particle size on the swaged density of UO, in 
type 304 stainless-steel tubing. High-fired, 
fused and ground, and ceramic oxides were 
swaged to determine which materials would 
swage to the highest density. It was found that 
fused and ground UO, cold swages to the highest 
density, 91 per cent of theoretical, at a reduc- 
tion in area of approximately 55 per cent. Rod- 
milled high-fired UO, swages to 85 per cent of 
theoretical density at a similar reduction. 
Ceramic grades of UO,, used for making cold- 
pressed and sintered pellets, swage todensities 
less than 75 per cent of theoretical under simi- 
lar conditions and are considered unsuitable 
for use in swaged fuel rods. It was determined 
that the swageable grades of UO, are char- 
acterized by high-tapped bulk density and low 
surface area. 

Examination of swaged UO, fuel elements 
revealed that hot-swaged powders decrease in 
total surface area with increasing total reduc- 
tions, indicating that actual bonding occurs be- 
tween particles. Oxides that are cold swaged 
exhibit increased total surface area with in- 
creased total reductions. This suggests that 
particle fragmentation and densification of a 
purely mechanical nature occur. 

Cladding-thickness variations in rods swaged 
to moderate reductions are only of the order of 
9 per cent; however, hot swaging and cold 
swaging to reductions in excess of 70 per cent 
may produce wall-thickness variations of as 
great as 14 per cent. 

Initial experiments on swaging of tubular fuel 
elements at the Savannah River Laboratory”® in 
a two-die swager were unsuccessful. Several 
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difficulties were encountered in cladding UO, 
with stainless steel in the two-die swager. 
These included wrinkling of the inner sheath, 
sticking of the mandrel in the tube, and ellipticity 
of the fabricated element. A series of tests 
conducted at the Fenn Company indicated, how- 
ever, that a four-die swager was more favorable 
for the fabrication of tubular-shaped elements 
than was a two-die swager. The four-die swager 
is currently being used to compact UO, by cold 
swaging. Zircaloy-clad elements containing 
fused oxide will be prepared in this manner. 
This type of oxide had exhibited the best cold- 
compaction properties in an earlier study. 

The Zircaloy-clad natural- UO, fuel elements 
to be produced at Savannah River Laboratory 
by cold swaging will be suitable for use in the 
Du Pont design of a D,O-cooled and -moderated 
power reactor.’’ This is basedon recent studies 
in which fused UO, was clad with stainless steel 
by swaging, with a resultant UO, density of 
92 per cent, with stainless-steel sheaths of 
0.020, 0.014, and 0.007 in. in thickness. Similar 
results were obtained with a Zircaloy sheath 
0.022 in. thick. The maximum density was ob- 
tained with area reductions of 40 to 50per cent. 
Further reductions produced thinning of the 
Zircaloy sheath with no increase in density. 
Hot-swaged Mallinckrodt UO, at 650°C produced 
densities of 80 per cent, and similar UO, was 
cold swaged to a density of 70 to 75 per cent. 

Hanford”’ has successfully produced a large- 
scale Zircaloy-clad UO, fuel element by swag- 
ing. This element, 9 ft in length and 0.570 in. 
in diameter, was clad with 0.030 in. of Zircaloy. 
The final swaged density was 87 per cent of 
theoretical. 

The concept of a swaged UO, fuel element 
that is reinforced with metallic fibers promises 
to offer an element with improved thermal con- 
ductivity and mechanical-strength properties. 
The Martin Company”’ is currently producing 
fuel-element specimens of this type for thermal- 
conductivity measurements. 

Westinghouse” has been investigating the 
fabrication of stainless-steel-clad sintered UO, 
fuel rods, 90 in. in length, by swaging, stretch 
forming, and compartmenting by stretch form- 
ing. In the first instance, UO, pellets are 
loaded into a tube, and the clearance between 
the tube and fuel is reduced to 0 to 2 mils by 
cold swaging. Granular pellet fracture resulted 
from the cold swaging of the fuel rods; conse- 
quently, this process was not felt to be as 
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feasible as stretch forming. Stretch forming 
reduced pellet fragmentation; however, some 
cracks were observed in the oxide during the 
slight necking down of the tubing during stretch 
forming. To better understand this process, 
studies of work-hardening characteristics and 
of spring-back properties and flow properties 
of stainless steel were made, A combination 
of vertical and horizontal stretch forming ofthe 
cladding produced the most desirable results. 
It was determined that assembly tolerances 
were critical in preventing large discrepancies 
in gap uniformity between the pellets, If the 
stretch-formed fuel element is heated while 
supported vertically, the fuel pellets shift toward 
the bottom end, and the fuel-element spacing 
obtained by stretch forming is lost; consequently, 
this process would not be desirable for fuel 
elements positioned in this manner. 


Compartmented stretch forming of this type 
of fuel element was attempted by inserting a 
stainless-steel disk between every 8-in. stack 
of pellets. This spacing was further controlled 
by applying pressure to position firmly the fuel 
pellets during the stretching of the cladding. 
Results obtained during this study revealed that 
nonuniform spacing of compartments would be 
obtained in stretch forming full-length Yankee 
type fuel rods. In addition, this problem with 
spacing would result in excessively high scrap 
losses of the rejected fuel rods. (E. S. Hodge) 


Pressure Bonding 


A process involving the use of gas pressure 
at elevated temperatures is being utilized for 
the bonding and joining of reactor components 
and for the densification of ceramic, cermet, 
and dispersion fuels. This same process has 
been identified by several names such as gas- 
pressure bonding, isostatic bonding, pneu- 
mastatic bonding, and hydrostatic bonding. The 
components to be bonded are fabricated to de- 
sired final dimensions and are either welded to 
form a gastight assembly or sealed in a gas- 
tight metallic envelope. The process is de- 
pendent on differential gas pressure to bring 
the components into intimate contact. Bonding 
is usually accomplished above the recrystal- 
lization temperature of the metallic components, 
at a temperature at which the metal is plastic 
and extensive diffusion can occur. 


The factors that affect the pressure-bonding 
process are being investigated by Battelle.’*~?" 











44 


For this study the process has been arbitrarily 
divided into three basic steps, namely, (1) 
formation of the bond interface by forcing the 
mating surfaces into intimate contact, (2) re- 
moval of excess voids or vacancies from the 
bond interface, and (3) growth of grains across 
the bond interface. The initial studies have 
been concerned with the solid-phase bonding of 
OFHC copper. An attempt is being made to 
isolate each step of the bonding cycle and to 
determine the mechanism and kinetics of the 
process. 

Uranium slugs have been clad with Zircaloy- 
2 at 1550°F utilizing a helium-gas pressure of 
10,000 psi. Examination of the bonded fuel 
elements by Hanford’* has revealed complete 
bonding between the Zircaloy-2 cladding and 
uranium and the Zircaloy-2 end plugs, with the 
exception of minute localized spots exhibiting 
surface contamination. The Zircaloy-2 clad- 
ding had flowed into all defected areas. 

Hot-die pressing and gas-pressure bonding 
have been evaluated by Atomics International”® 
for the preparation of the OMR flat-plate fuel 
plates. The fuel plates consist of alow-enrich- 
ment uranium-alloy fuel plate clad with finned 
aluminum. The gas-pressure-bonding process 
was found to be best. Bonding was achieved 
with a gas pressure of 8000 to 10,000 psi at 850 
to 1000°F for a period of 10 min. 

Sylvania-Corning”® is investigating the use of 
the gas-pressure-bonding process for the si- 
multaneous densification and cladding of UO, 
fuel elements. The best results have been ob- 
tained with a mixture of ceramie and fused 
UO, powder. Relatively high cold-pressed den- 
sities were obtained; and, upon subsequent 
pressure bonding, additional densification was 
obtained with a minimum amount of cladding 
distortion. An investigation has been made to 
obtain comparable results with one grade of 
UO, in an attempt to simplify the process. 
Several process variables were investigated; 
however, in all tests the pressure-bonded den- 
sity was lower than was achieved with the oxide 
mixture. 

Battelle*5-?"is also investigating the use of 
the gas-pressure-bonding process for simul- 
taneous densification and cladding of ceramic, 
cermet, and dispersion fuels with the prime 
objective of reducing fabrication costs. The 
cold compaction and densification of seven 
commercial grades of oxide have been investi- 
gated. The oxide has been utilized in the as- 
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received condition to maintain low process 
costs. In order to minimize cladding distortion 
during pressure bonding, an attempt is being 
made to obtain maximum cold-pressed den- 
sities. Variables such as particle size, use of 
binder, blending of oxide types, and stoichi- 
ometry are being investigated. Tamp-packed 
densities up to 70 per cent and cold-pressed 
densities up to 87 per cent of theoretical have 
been obtained. Pressure bonding has been con- 
ducted at 2100°F at 10,000 psi. As-bonded 
densities have ranged from 84 to 97 per cent of 
theoretical. The studies include flat-plate, tu- 
bular, rod, and corrugated fuel-element designs. 


The solid-phase bonding of niobium and mo- 
lybdenum is being investigated.”**" A satis- 
factory bonding process has been developed for 
niobium. It includes surface treatment with a 
nitric acid solution, followed by bonding at 
2100°F at 10,000 psi for 3 hr. A fuel assembly 
consisting of three niobium-clad compartmented 
fuel plates was bonded from piece components 
in one operation. Inserts of UO,-Al,O, were 
used to form the channels; and, after bonding, 
these inserts were leached withacid, Examina- 
tion and testing of the assembly revealed good 
bonding with grain growth across the interface. 
Self-bonding of molybdenum has been accom- 
plished at 2300°F at 10,000 psi for 3 hr. The 
bonded molybdenum is brittle in all directions 
except the rolling direction, which retains a 
portion of the fibrous structure. 


A process utilizing gas-pressure bonding has 
been developed by Battelle’ for the fabrication 
of Zircaloy-clad flat-plate compartmented UO, 
fuel plates, The process is now being extended 
to the bonding of larger specimens measuring 
0.10 by 4.0 by 48 in. Initial evaluation of these 
specimens reveals good bond integrity with no 
intercompartmental leakage. (S. J. Paprocki) 


Diffusion Bonding 


Hanford investigators®' have completed a de- 
tailed metallurgical examination of various 
pressure-bonded Zircaloy-2-clad uranium tu- 
bular fuel elements. The investigation has re- 
vealed the mechanism of compound formation 
along the bonding interface. Since the samples 
were held at 845°C for 4 hr at 10,000 psi, the 
diffusion zone was much thicker than a normal 
coextruded bond, Reaction appeared to begin 
by uranium diffusion across the interface form- 
ing an epsilon phase with the zirconium. Si- 
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multaneously, diffusion progressed into the 
uranium, forming a delta phase, followed by a 
eutectoid formation of alpha-plus-delta phase. 
Pressure bonding of an as-cast bonded sample 
caused an increase in the epsilon-plus-delta, 
delta, and a threefold increase in the alpha- 
plus-delta phases that extended into the ura- 
nium. 


Metallurgically bonded specimens of Zir- 
caloy-2-clad nickel-iron alloy, with and without 
an evaporated layer of zirconium —4 wt.’ beryl- 
lium alloy or nickel metal on the bonding sur- 
faces of the nickel-iron pellets, were fabricated 
and hot upset at 1730°F at Bettis.** Diffusion 
heat-treatments of 10 and 40 min were per- 
formed in a salt pot on some of the specimens 
after pressing. In general, thick diffusion zones 
formed in the specimens, especially those which 
were heat-treated. Bend testing indicated a 
low strength, with brittle fracture through the 
diffusion layer of all the specimens. However, 
photomicrographs showed no evidence of any 
residual evaporated metal. 


Ten promising diffuser elements were used 
in experiments” aimed at joining Zircaloy-2 
components by the “eutectic-diffusion’’ bonding 
technique. Copper, nickel, nickel-phosphorus, 
manganese, and silicon appeared most favorable 
for this purpose. 


The eutectic-diffusion bonding process for 
ceramic plate type elements for the PWR Core 
2 blanket was described in detail in earlier 
Reactor Core Materials reviews, 


Substitution of pyrolytic carbon for graphite 
as a fuel-to-cladding barrier in eutectic-dif- 
fusion-bonded Zircaloy-clad UO, plate fuel ele- 
ments at Bettis *‘has eliminated the fuel-cladding 
interaction problem and simplified application 
of the barrier. Reduction and control of the 
surface roughness of fuel receptacle plates 
have reduced bond-line porosity in diffusion- 
bonded oxide plates to a low acceptable level. 


Fifteen fuel-element blankets of Zircaloy- 
clad UO, were fabricated by the pack-assembly 
bonding technique for evaluation studies at 
Bettis.°** This bonding method has attractive 
potentialities in the realm of process improve- 
ment by eliminating edge seal welding and 
product improvement by providing smooth heat- 
transfer surfaces and close dimensional control 
of fuel-element thickness. 

(M. A. Gedwill, Jr.) 
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Coextrusion 


A process is being developed by Hanford” 
for the casting of fuel-bearing aluminum alloys 
directly into aluminum containers for the pur- 
pose of making coextruded aluminum-clad fuel 
rods. The cap material is directly cast over 
the solidifying fuel alloy so that it fuses to the 
cladding, thus completely sealing the fuel ma- 
terial from the atmosphere and excluding air 
from the container. This process eliminates 
several steps in the billet preparation and makes 
the coextrusion process more economical and 
more adaptable to remote processing of highly 
radioactive fuel. Of five billets cast, in which 
aluminum-nickel alloys were substituted for the 
fuel material, only one was sound, It was ex- 
truded into a %.-in.-diameter rod with a reduc- 
tion ratio of 20 to 1. The rod had no blisters 
over the entire length of the 10-ft extrusion, and 
sectioning indicated complete bonding between 
the core and cladding. 

The fabrication of clad UO, rods by coextru- 
sion is also being studied by Nuclear Metals.” 

A program aimed at developing power tubes 
with uranium-rich alloy cores other than ura- 
nium—2 wt.% zirconium is being conducted by 
Nuclear Metals for Du Pont.*** They will 
produce as many as 10 different alloys of ura- 
nium and determine their amenability to fabri- 
cation. Sound castings have been made of four 
experimental alloys of the following systems: 
uranium —0.2 wt.% aluminum, uranium —0.5 wt.% 
aluminum, uranium—1 wt,.% silicon, and ura- 
nium—1.5 wt.% molybdenum. Extrusions of 
copper-clad rod of the four alloys and a stand- 
ard unalloyed uranium, cast and triple beta 
treated, have been produced in order to obtain 
information on extrusion constants (Fig. 12) 
and on grain size as it affects the uranium- 
copper interface. Three of these alloys were 
further processed and extruded as Zircaloy- 
clad model-scale tubes, The uranium—0.5 wt.” 
aluminum alloy cracked in beta treatment and 
was not coextruded. The alloys extruded into 
tubes presented fabrication difficulties of the 
same nature as those encountered with un- 
alloyed uranium. 

The feasibility of extruding Zircaloy-2-clad 
tubes directly to size by using an automatic 
roll-cooling device, but without employing a 
cold-drawing step, has been demonstrated*?.39 
with favorable results. Three tubes containing 
fully enriched uranium alloy cores were Satis- 
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Figure 12—-Extrusion constants vs. temperature of 
Zircaloy-2 and uranium alloys. 


factorily extruded except for outside surface 
scoring On two tubes. 

Hanford*® has essentially completed the in- 
vestigation of controlled additions of zirconium 
and carbon to uranium in the as-cast and heat- 
treated conditions. Preliminary results indi- 
cated that the grain size of unalloyed uranium 
has little effect on the extrusion coefficient of 
coextruded rods in either the as-cast or heat- 
treated condition. Both zirconium and carbon 
additions cause a definite increase in the ex- 
trusion constant. Extrusion coefficients for zir- 
conium additions varied from 32,800 psi at 
200 ppm zirconium to 40,000 psi at 2 wt.% zir- 
conium in the as-cast condition, Carbonalloys, 
at the same conditions, varied from 30,000 psi 
at 200 ppm carbon to 36,600 psi at 1 wt.% 
carbon. An excessive variation in wall thick- 
ness was Observed in alloys that were not heat- 
treated, whereas a very uniform Zircaloy-2 
wall thickness was obtained in all heat-treated 
zirconium alloys above 0.25 wt.% zirconium 
and in carbon alloys above 0.5 wt.% carbon. 

(C. B. Boyer) 


Extrusion Cladding 


Savannah River workers**'-“? have developed 


the tool design and techniques for the external 
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and internal extrusion cladding of uranium tubes 
with aluminum. Recent work involved the extru- 
sion cladding of the inside and outside of 4- and 
10.5-ft-long uranium tubes. The shorter tubes 
contained mild steel end plugs to which were 
attached aluminum extensions to position the 
uranium in the high-flux area of the reactor for 
irradiation experiments. 


Mechanical difficulties encountered in initial 
work have been overcome, and 11 tubes have 
been clad successfully with the present design 
of tools and equipment, (H. J. Wagner) 


Canning 


A method of fabricating segmented-core alu- 
minum-clad fuel elements by hot pressing has 
been developed at Hanford.*® Techniques for 
edge electroplating of uranium washers with 
nickel, assembly procedures, furnace design 
for hot pressing of core and can components, 
design of pressing dies, and optimum firing 
cycles have been worked out. 


Alloy fuel slugs of U***-aluminum have been 
hot-press bonded in 1245 aluminum alloy cans,“ 
Du Pont has experimented with various com- 
ponent cleaning and lubricating processes, die 
components and assembly, and bonding methods, 


The United Kingdom“ reports that a uranium 
body may be enclosed in a metallic sheath by 
surrounding the solid body with a metal powder 
and then compacting the powder, above the 
8-a@ transition point of uranium, by pressure. 

(P. H. Bonnell) 


Electroplating 


Oak Ridge investigated the feasibility of re- 
moving oxygen from yttrium by solid-state 
electrolysis at 1250°C. Chemical analysis 
showed a higher percentage of oxygen at the 
anode than at the cathode, but even the purest 
portions of the specimen retained not less than 
1000 ppm oxygen. Single crystals about '/, in. 
long and of a diameter equivalent to that of the 
specimen were grown during electrolysis. 


Lombardo and Dazen* are setting up speci- 
fications for reactor control-rod material and 
control-rod design. Nickel electroplates were 
satisfactorily diffusion bonded to silver-indium- 
cadmium control rods by holding for 4 hr at 
600°C in vacuum. Grain growth and depth of 
diffusion bond were essentially complete at the 
end of 4 hr. A slow furnace cool eliminated 
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thermal microcracking at the interface. The 
heat-treatment produced a ductile coating. 

A patented process” for electroplating on 
uranium features an anodic pickling in an 
aqueous solution of 50 wt.% trichloroacetic acid. 
Another patented treatment” of uranium sur- 
faces features, as a pretreatment for electro- 
plating, a 20-min anodizing in 20 to 60 wt.% 
phosphoric acid which contains 20 cm! of con- 
centrated HCl per liter. Temperature is 35 to 
45°C, and 0.5 amp/sq in. is used. 

Huddle and Flint‘** have patented an anodic 
treatment of uranium metal. A clean, bright, 
and passive surface is produced by anodic 
treatment in concentrated sulfuric acid, to 
which 5 wt.% chromium trioxide may be added. 
A potential of 12 volts with a lead cathode and 
a separating porous diaphragm is said to give 
a bright surface that persists for periods up to 
12 months on exposure to air. 

A patent™ has also been granted for a method 
for electronickel plating tungsten carbide. The 
novel feature appears to be an anodic etching 
in Na,P,0, solution (200 g/liter) at 2 amp/sqin. 
for 10 min, using lead cathodes. This pre- 
treatment allows nickel to be electrodeposited 
in an adherent coating that is weldable. 

(J. McCallum) 


Nonelectrolytic Chemical-plating Techniques 


Well-bonded thin coatings of copper, iron, 
tin, and nickel on Zircaloy-2 were obtained by 
Armour”! by immersion in solutions containing 
hydrofluoric acid and a salt of the metal. The 
effects of temperature and solution composition 
on the rate of plating were studied. 

Hiler and Jenkin™ deposited pure ductile 
aluminum on copper plates by decomposing 
triisobutyl aluminum in argon (equimolar) at 
500°F. The adherence of the coating varied 
from poor to excellent, depending upon con- 
ditions. The addition of 0.1 per cent oxygen 
acted as a hydrogen scavenger and increased 
the rate of deposition. 

In a study of the kinetics of deposition of 
pyrolytic carbon, Murphy et al.®* measured the 
conductivity of a growing film of carbon de- 
posited on a porcelain tube by pyrolysis of 
benzene, toluene, and methane, 

Wright Field‘ deposited thin (1 mil) coatings 
of silicon nitride on molybdenum by the reaction 
of nitrogen with silicon tetrabromide in an 
atmosphere of hydrogen at 960°C. 
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Zirconium diboride powder particles were 
coated". with 5 4 of niobium by hydrogen re- 
duction of the chloride at 900°C without indica- 
tion of interaction. The coated powder will be 
evaluated for the prevention of boron loss on 
sintering compacts containing 26 wt.% UO, and 
1 wt.4 ZrB, in type 347 prealloyed stainless- 
steel powder. (J. M. Blocher, Jr.) 


Ceramic Coatings 


Georgia Institute of Technology™ is investi- 
gating the arc spraying of refractory powders 
to form shapes. Shapes of zirconia or alumina 
had densities of 80 to 90 per cent or 70 to 
80 per cent of theoretical and tensile strengths 
of 2020 to 3370 psi or 457 to 1155 psi, respec- 
tively. Rods of hafnia had tensile strengths of 
1450 to 3500 psi. (Burnham W. King) 


Welding and Brazing 


Methods of joining beryllium and graphite to 
metals are described in two recent British 
publications.*"°* An improved technique for 
producing lap joints in beryllium parts involves 
the following procedure: Magnesium is melted 
on the beryllium surfaces that will form the 
joint at a temperature of 750°C for 30 min. 
The parts are then cooled, and an aluminum 
foil is placed between the mating surfaces that 
have been coated with magnesium. The as- 
sembly is then reheated to a temperature of 
750°C in argon for 10 min to form a joint. 

The technique for joining graphite to an alloy 
called Nilo-K involved brazing with a foil con- 
sisting of the silver-copper eutectic alloy and 
a core layer of titanium which comprises 12 per 
cent of the thickness. This foil is used to pro- 
duce brazed joints at a temperature of 950°C 
in high vacuum. Another brazing alloy being 
used for joining graphite to metal at Oak 
Ridge’ consists of 48 wt.% titanium—48 wt.% 
zirconium —4 wt.% beryllium. 

A technique for arc cutting of zirconium and 
similar materials is described in the same 
Oak Ridge report.® In this technique a special 
torch, similar to commercial tungsten-arc cut- 
ting torches, is operated under water. A supply 
of positive gas pressure is provided to prevent 
water from filling the torch. The operation 
under water prevents burning of the cut metal 
and the spread of contaminated particles, if 
radioactive material is involved. 
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Bettis® is continuing research on the de- 
velopment of brazing alloys for Zircaloy-2. 
Six experimental alloys have been evaluated in 
recent work. The compositions of these alloys 
are given in Table V-1. Typical brazing cycles 
for the alloys are given in Table V-2, along 
with comments on alloy penetration and joint 


Table V-1 COMPOSITION OF EXPERIMENTAL 
BRAZING ALLOYS® GIVEN IN WT.% 
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replaced with Zircaloy-2 backups of essentially 
the same design. In some joint configurations, 
it is possible to eliminate entirely any backup. 
However, in most instances, the use of a backup 
is stil] required. 


Battelle investigators have made a survey®! 
of end-capping methods for Zircaloy-2-clad 
uranium-metal fuel elements. The survey con- 
sisted of a literature search on sealing co- 
extruded elements and a limited amount of 


Zirconium Beryllium Iron experimental work. No new or novel joining 
a fe — techniques were found in the literature search. 
95.5 5.22 ; ; 
98.4 5.07 A novel method of end sealing, resistance 
J . ° i 
84.3 4.0 12.2 sintering of a powdered-metal end cap, was 
80.6 5.72 13.6 explored in the experimental work, This tech- 
64.8 3.76 aa.8 nique shows promise as a method of improving 
79.9 4.57 15.1 ag 
Fn ee RE end-seal reliability. 
Table V-2 ZIRCALOY-2 BRAZING CYCLES” 
Brazing alloy Brazing Brazing Average 
(balance Zr), temp., time, fracture Maximum alloy 
wt. % “Cc min Heat-treatment load, Ib penetration, in. 
5 Be 1000 5 Fast cool (100°C/min) 330 0.004 
5 Be 1035 30 Fast cool (100°C /min) 300 0.015 
5 Be 1035 60 Fast cool (100°C /min) 345 0.025 
5 Be 1035 5 1 hr at 800°C 360 0.007 
4 Be-15 Fe 875 10 1 hr at 800°C 125 0.008 
4 Be-15 Fe 900 5 1 hr at 800°C 320 0.010 
4 Be-15 Fe 950 15 Fast cool (100°C /min) 335 0.012 
4 Be-—15 Fe 950 30 Fast cool (100°C /min) 365 0.014 
4 Be-15 Fe 1000 15 Fast cool (100°C /min) 310 0.015 
4 Be-15 Cu 850 5 1 hr at 800°C 200 0.002 
4 Be-—15 Cu 875 10 1 hr at 800°C 270 0.008 
+ Be-15 Cu 900 5 1 hr at 800°C 445 0.010 
4 Be-15 Cu 950 5 Fast cool (100°C/min) 375 0.012 
4 Be-15 Cu 1000 5 Fast cool (100°C /min) 335 0.017 


strength. The zirconium—5 wt.’ beryllium -— 
15 wt.c copper brazing alloy has been used to 
braze complex parts with what appears to be 
good success. 

Another Bettis study has been made of the 
problem of backup contamination in Zircaloy-2 
welds. The corrosion resistance of the weld 
area in Zircaloy-2 parts is reduced whenever 
contamination occurs from the conventional 
copper weld backups. Studies were made of 
various alternate backup materials, the use of 
modified joint designs, and the possibility of 
completely eliminating weld backups. The most 
satisfactory substitute for copper was found to 
be Zircaloy-2. Copper backups can be readily 


Welding studies were conducted™ on thin 
sheet components made of an iron—24 wt.% 
chromium—1 wt.% yttrium alloy. In one phase 
of this work, techniques were developed for 
making end seals on thin flat fuel sheets clad 
with the iron-chromium-yttrium alloy. Fuel 
material was recessed at the seal location by 
electrolytic etching. The recess was then filled 
with an insert of cladding stock, and an edge 
weld was made by tungsten-arc welding to com- 
plete the seal. Another phase of this work con- 
sisted of attaching hardware such as spacers 
to fuel sheet. Both resistance and ultrasonic 
welding techniques were employed with some 
success. (R, E. Monroe) 
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Explosion Forming 


The use of explosive forming as a method of 
fabricating superalloys,” such as René 41, 
Hastelloy, cobalt-base alloys,” and titanium- 
base alloys,” into intricate geometries, pri- 
marily for aircraft or missile components, has 
been investigated by several industrial firms. 
Research has also been initiated on the use of 
the shock waves generated by the detonation of 
a high-explosive charge for surface hardening,” 
cutting,” powder compaction,®® forging," and 
welding.” 


A study of the behavior of powdered materials 
under impulsive loads® has been conducted by 
the U. S. Naval Ordnance Test Station at China 
Lake, California. Both single- and double- 
acting presses were employed during this ex- 
perimentation. The double-acting press used 
was of the sandwich type construction, in which 
two simultaneously detonated explosive charges 
drive two opposed pistons together into a 
central steel cylinder containing the specimen. 
Since the press does not impart a completely 
hydrostatic loading condition on the specimen, 
the specimen is free to undergo plastic de- 
formation. An expendable press was used during 
this study to increase specimen recovery. 
Practice has shown. that the positioning and 
detonation of the charges are critical factors 
relating to the effectiveness of the double-piston 
press. If detonations are not simultaneous, the 
specimen is usually lost; and, if the charges 
are not accurately aligned, asymmetrical load- 
ing results which jams the pistons. It is esti- 
mated that the double-acting press can produce 
peak pressures of several million pounds per 
square inch. Both single- and double-acting 
presses have been used to transform high- 
purity sponge cobalt from the metastable cubic 
beta phase to the more stable hexagonal alpha 
phase. Although this transition in cobalt after 
cold working is well known, the process indi- 
cates that the time for transformation is ex- 
tremely short. 


Iron oxide powders with additions of alu- 
minum powder or with additions of titanium 
filings have been compacted inthe double-acting 
press to 80 and 95 per cent of theoretical den- 
sity, respectively. Results of testing have indi- 
cated that the final density is closely related to 
the ductility of the material being compacted. 
The faces of the pistons were machined for 
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these tests to produce various successfully 
compacted shapes. 

The thermal effects of the high strain rates 
and the short time intervals involved in ex- 
plosive compacting were studied qualitatively 
by compacting a disk of yellow sulfur which, 
under normal conditions, melts at 120°C. An 
examination of the resulting disk revealed that 
traces of melting of the yellow sulfur had 
occurred around the edges only, indicating a 
lower equilibrium temperature of the sulfur and 
press assembly than that reported by Riabinin™ 
in other types of high-pressure investigations. 
The experiment helped to substantiate the theory 
that, despite high frictional temperatures, the 
heating effect is extremely localized, and the 
integrated heating is unimportant. 

A study of the metallographic structures and 
hardnesses induced in copper, iron, and brass 
by subjecting them to an explosive shock was 
conducted by the University of Chicago with the 
cooperation of Los Alamos."* Both copper and 
iron are hardened more by about a 400-kb 
shock (see footnote in Table V-3) than by cold 


Table V-3 HARDNESS" OF EXPLOSIVELY 
SHOCKED COPPER AND IRON 


Hardness* 


Condition OFHC copper Armco iron 
Annealed 54 95 
After 225-kb shockt 105 

250-kb shock 250 

350-kb shock 109 

425-kb shock 132 

600-kb shock 284 
Cold rolled, 

60% reduction 109 212 
Cold rolled, 

95% reduction 129 259 

*100-g load, Vickers 136-deg diamond pyramid indentor. 

+1 kb is equal to approximately 1000 atm. The kilobar 
values given are estimates but are believed to be good to 


about +20 kb. 


rolling to 95 per cent reduction, although the 
dimensions of the sample remain virtually un- 
changed. Copper also forms numerous me- 
chanical twins, which have been previously 
observed in copper only at very low tempera- 
tures and after large deformation or irradia- 
tion. Photomicrographs of this twinning are 
shown in Fig. 13. The amount of work harden- 
ing resulting from various explosive shocks is 
shown in Table V-3. The author” points out, 
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Figure 14—Microstructure™ of Armco iron after 


190-kb shock (note martensitic-appearing structure). 
(Reprinted by permission from Transactions of the 
American Institute of Mining, Metallurgical, and Pe- 
troleum Engineers.) 






(b) 


Figure 13— Microstructures of OFHC copper sub- 
jected to 425-kb explosive shock.” (a) Annealed and 
shocked OFHC copper (note the excessive twinning). 
(b) Cold-drawn and shocked OFHC copper (note the 
uniform shear evident where two sets of twins cross 
each other}. (Reprinted by permission from Trans- 
actions of the American Institute of Mining, Metal- 
lurgical, and Petroleum Engineers.) 


however, that, despite this hardening, neither 
the specimens themselves nor the grains that 
compose them have suffered significant dis- 
tortion. 

Iron develops Neumann bands when explosively 
shocked. When shocked at pressures above 
130 kb, iron undergoes a transition to a dif- 
ferent phase which, upon returning to atmos- 
pheric pressure, leaves a complex microstruc- 
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SPECIMEN 10 SPECIMEN 11 


Figure 15—Surfaces obtained on Nichrome speci- 
mens explosion formed in one step and in two steps 
without an intermediate anneal." Specimen 10 was 
formed in two steps without an intermediate anneal, 
whereas specimen 11 was formed in one step. Notice 
the orange-peel effect on specimen 10. 


ture reminiscent of carbon-free martensite, as 
seen in Fig. 14. The resulting intense residual 
hardening could not occur by simple translation 
of a dislocation: interface, but it probably re- 
sults from the movement of dislocation com- 
plexes. The appearance of twins in copper 
suggests that the principal mechanism is ona 
scale inaccessible to the optical microscope. 

A feasibility study has recently been con- 
ducted by Battelle’‘ concerning the application 
of explosive forming for producing cylinders 
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Figure 16— Microstructures of Nichrome cylinders 
explosion formed in one step and in two steps without 
an intermediate anneal." (a) Specimen 10, formed by 
the two-step method without an intermediate anneal. 
(b) Specimen 11, formed in one step. The initial grain 
size of specimen 11 was smaller than that of speci- 
men 10, These photomicrographs are of typicalareas. 


having circumferential corrugations anda 
welded seam. They were approximately 2'/, in. 
in diameter in 3- and 4-in. lengths and were 
formed from 0.030-in,-thick Nichrome sheet. 
The weight, type, and placement of charge used 
were varied. In forming the specimens, it was 
found that the only critical factor was whether 
a one-step or two-step process was used, Good 
specimens were obtained in all cases when 
using the one-step full-draw process, whereas 
an “orange-peel’’ appearance was developed on 
the inside-diameter surfaces of the specimens 
formed by a two-step process without an inter- 
mediate anneal. Figure 15 shows the inside- 
diameter surfaces produced by these forming 
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processes, whereas Fig. 16 depicts the result- 
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ing microstructures. The effect of the ex- 
plosion forming on the welded seam is shown 
in Fig. 17. 

Battelle has also been investigating’ ex- 
plosive compacting. Dispersions of 75 wt.% 
nickel —25 wt.% UO, and 70 wt.% type 347 stain- 
less steel—30 wt.% UO, have been successfully 
compacted. The nickel-UO, dispersion has been 
compacted in the form of platelets and tubes 
clad with stainless steel. The stainless steel — 
UO, dispersion has been compacted to a very 
high theoretical green density in the form of a 
tubular fuel element 12 in. long, containing a 
0.030-in.-thick dispersion core, and clad with 
type 321 stainless steel 0.010 in. thick. The 
compacting of powdered tungsten in the form 
of tubes and the sizing of Zircaloy-2 module 
boxes have also been investigated with very 
promising results. (C, C. Simons) 


Nondestructive Testing 


Completely reliable, fast, and sensitive means 
of inspecting completed fuel elements and fuel- 
element assemblies are being sought. In addi- 
tion to the problems of inspecting elements for 
flaws in the clad or bond areas are those as- 
sociated with fissionable-element geometry and 
location. Residual material remaining from 
the processing of elements must also be de- 
tected, and the thickness of cladding on the 
finished element has proved to be important. 
Extension of the work on the common techniques 
is noted in references 5, 59, and 75 to 77, and 
brief descriptions of more novel techniques or 
applications are given here, 

Residual ferromagnetic spacer material is 
being detected by magnetic means at Bettis.” 
Small particles remaining after the pickling 
Operation are being magnetized in a strong 
field and then located with a high-sensitivity 
magnetic-field-strength metering system. Par- 
ticles weighing less than 1 mg can be found 
under favorable conditions by this technique. 

The distribution and total load of U*®* in fuel 
elements have been determined at Knolls by a 
gamma-scanning technique.”*:®* The detection 
system is designed to be sensitive to the 
0.19-Mev photo gamma intensity emitted by the 
u**5, The specimen is examined through a slit 
that is moved stepwise along the fuel element, 
stopping at each increment to count the gammas. 


k—0.010 IN-—=| 
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Figure 17— Microstructures of the welded seam ona Nichrome cylinder explosion formed in one 
step. (a) Welded area before forming. (b) Welded area after forming. The photomicrographs show 
that no rupturing of the weld has occurred during forming." 


Total load determinations of +1 per cent ac- 
curacy with high reliability have been obtained 
using %-in. steps at a rate of one step per 
minute. 

An instrument operating on the eddy-current 
principle which can be used to measure the 
thickness of a zirconium cladding on uranium 
metal base has been developed at Savannah 
River.*! The hand-held sensing element allows 
the measurement of cladding thickness of be- 
tween 5 and 25 mils with a sensitivity of +'/; 
mil, and the measurements are only slightly 
affected by temperature changes and input 
power variations. The probe is tuned to reso- 
nance by a shunt capacitance. A change in 
cladding resistance because of the resistivity 
difference between uranium and zirconium 





changes the inductance of the probe, unbalancing 
a bridge circuit. Operating one end of the 
probe coil at ground potential reduces stray 
capacitance effects. (D. R. Grieser) 
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